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An assessment of the current evidence. 

BY REBECCA T. HAHN, MD, FACC

When Does PPM Really 
Occur in TAVR?

P
rosthesis-patient mismatch (PPM) occurs when 
the effective orifice area (EOA) of a normally func-
tioning prosthetic valve is too small in relation to 
the patient’s body size. Transcatheter aortic valve 

replacement (TAVR) has been shown to have less PPM 
than surgical aortic valve replacement (SAVR).1 Severe 
PPM occurs after 2% to 20% of SAVRs,1-3 and increased 
perioperative and overall mortality have been well 
described.1,3-5 Recent data from the Society of Thoracic 
Surgeons (STS)/American College of Cardiology (ACC) 
Transcatheter Valve Therapy (TVT) registry showed that 
severe TAVR PPM, defined as an indexed EOA (iEOA) 
< 0.65 cm2/m2 (Table 1), occurred in 12.1% of patients 
and was associated with increased mortality (hazard 
ratio [HR], 1.19; 95% confidence interval, 1.09–1.310; 
P < .001).6 However, in the randomized TAVR trials, 
there has been no significant mortality signal with TAVR 
PPM for the balloon-expandable (BE) Sapien valve 
(Edwards Lifesciences),1 whereas TAVR PPM with the 
self-expanding (SE) CoreValve (Medtronic) and SAVR 
PPM were both associated with increased mortality.1,7 
Which patients are at risk for PPM? Is there really a dif-
ference in outcomes of TAVR PPM compared with SAVR 
PPM? Why is there a difference between the “real-world” 
STS/ACC TVT registry and randomized trials? Is there 
increased mortality associated with PPM in TAVR? 
Is PPM different for different valve types? This article 
attempts to answer some of these questions.

PATIENT CHARACTERISTICS
Given the definitions of PPM, the most obvious char-

acteristics that could be associated with a higher inci-
dence of PPM include factors associated with small aor-
tic annular dimensions that would dictate the size of the 
prosthesis, inherent valve design features that dictate the 
EOA for any given annular size, and higher body mass 
index (BMI). Predictors of PPM in one meta-analysis 

that included both SAVR and TAVR patients were older 
age, female sex, hypertension, diabetes, renal failure, 
larger body surface area, higher BMI, and the use of a 
bioprosthesis (vs mechanical valve).5 The impact of PPM 
on mortality appears to be more important in patients 
aged < 70 years and/or those undergoing concomitant 
coronary artery bypass grafting and less pronounced in 
patients with a higher BMI (> 28 kg/m2) compared to 
those with a lower BMI. The latter finding supports the 
use of different iEOA criteria depending on body mass 

TABLE 1.  GRADING SCHEME FOR PPM

Severity of PPM Indexed EOA (cm2/m2)

BMI < 30 kg/m2

Insignificant > 0.85

Moderate 0.85–0.66

Severe ≤ 0.65

BMI ≥ 30 kg/m2

Insignificant > 0.70

Moderate 0.70–0.56

Severe ≤ 0.55

Note: The suggested cutoffs for insignificant, moderate, and severe 
PPM are listed by normal BMI (blue cells) and increased BMI (orange 
cells), as recommended by the Valve Academic Research Consortium 
Update (Kappetein AP, Head SJ, Généreux P, et al. Eur J Cardiothor 
Surg. 2012;42:S45-60).
Abbreviations: BMI, body mass index; EOA, effective orifice area; PPM, 
prosthesis-patient mismatch.
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(Table 1). TAVR studies have confirmed that predictors 
of PPM are younger age, non-white/Hispanic ethnicity, 
and small prosthesis (< 23 mm diameter).6,8

ARE WE MEASURING PPM PROPERLY?
Similar to common practice with surgical prostheses, 

a complete assessment of prosthetic valve function 
requires an understanding of the construct and appear-
ance of each transcatheter heart valve (THV) and the 
normal function of each type and size of implanted 
valve.9,10 Normative expected gradient, valve area, and 
Doppler index of commercially available THVs by valve 
type and size have been reported11 based on echocardio-
graphic core lab–assessed hemodynamic data from early 
randomized trials and registries.4,12,13 The precise meth-
odology for assessing post-TAVR valve area used by the 
different echocardiographic core labs was delineated for 
both BE and SE valves and was very similar.11 The ideal 
measurement protocol uses the outer-to-outer border of 
the stented valve at its ventricular tip as the measure of 
left ventricular outflow tract (LVOT), which is consistent 
with the methodology used for prosthetic surgical valves. 
Pulsed-wave Doppler is then performed by placing the 
sample volume just apical to the THV stent, and the 
stroke volume across the valve is calculated. 

There are multiple pitfalls to this measurement 
protocol, such as (1) obtaining on-axis sagittal plane 
images of a circular or elliptical stent frame (ie, bisecting 
the largest dimension in systole); (2) ill-defined LVOT 
diameter in the setting of a THV positioned below the 
annulus (ie, with the stent frame protruding into the left 
ventricular outflow space) that might cause overestima-
tion of stroke volume if the native anatomy is used to 
calculate the valve area; and (3) inaccurate positioning 
of the pulsed-wave Doppler sample volume (ie, either 
too apical or within the stent frame). The echocardio-
graphic core labs in various randomized trials offer the 
“most accurate” data on expected valve areas and, thus, 
should provide the best “expected” valve areas for each 
valve type and size. Unlike a surgical valve with a fixed 
size and sewing ring, transcatheter valves are sized by the 
native annular area,14,15 with the expectation of expand-
ing the valve to fit securely into the annulus. Thus, the 
normative data reported by Hahn et al11were the first 
to report valve area by quintiles of annular dimensions 
from CT-based measurements of native annular area and 
perimeter.  

The measurement of EOA required for determination 
of PPM could theoretically be calculated using a number 
of different methods:

1. Use of only echocardiographic measurement of 
gradients and valve area

2. Use of only catheterization measurements of 
gradients and valve area (not typically performed 
after TAVR or SAVR)

3. Assumed LVOT diameter for echocardiographic 
calculations using the THV size or the baseline annu-
lar dimension pre-TAVR

4. Use of the predicted EOA from the normative 
echocardiographic data manuscript for THV size or 
annular size.

Differences in between-study outcomes would depend 
not only on the methods of calculating EOA but also the 
inherent variability of the measurements. Site-reported 
data from the STS/ACC TVT database use method 1, 
which likely introduced significant measurement vari-
ability. Reduced measurement variability by echocar-
diographic core lab assessment could explain why no 
randomized TAVR study has shown a mortality signal for 
PPM. To reduce the variability of nonechocardiographic 
core lab–assessed calculations, the use of predicted EOA 
(method 4) could provide another method for evaluat-
ing PPM prevalence and outcomes. In fact, the reported 
incidence of SAVR PPM from the STS database is also 
based on predicted EOA.2

The prevalence and impact of PPM may be over-
estimated after TAVR because of low flow state (ie, 
pseudo-PPM), pressure recovery, and obesity.16 As 
noted, PPM occurs when the EOA of a normally func-
tioning prosthetic valve is too small in relation to the 
patient’s body size; however, the flow requirements 
for muscle are not the same as for fat. Thus, using dif-
ferent indexed cutoffs for grading PPM severity has 
been advocated by the Valve Academic Research 
Consortium-2 consensus document.17 Many studies 
have failed to use different cutoffs for PPM severity 
and, thus, not only overestimated the prevalence of the 
PPM but may have underestimated the impact of PPM 
in patients with normal body weight.

ARE TAVR AND SAVR DIFFERENT WITH 
RESPECT TO PPM?

Previous studies have suggested that PPM is more 
prevalent in SAVR compared with TAVR (Table 2).16 
This makes anatomic sense when considering that 
a stented THV will expand to the size of the native 
annulus and has a thinner stent frame than a surgical 
sewing ring. However, in the most recent PARTNER 3 
trial,18 larger SAVR valves were used and more aor-
tic root enlargements were performed compared to 
earlier trials, which likely resulted in smaller TAVR 
EOAs compared with SAVR EOAs (1.7 ± 0.02 cm2 vs 
1.8 ± 0.02 cm2). Despite higher TAVR ejection fraction 
(84.2% ± 0.71% vs 76.6% ± 0.81%) and stroke volume 



64 CARDIAC INTERVENTIONS TODAY MARCH/APRIL 2020 VOL. 14, NO. 2

T A V R

index (41.9 ± 0.35 mL/m2 vs 38.0 ± 0.40 mL/m2), PPM 
was still more severe for SAVR compared with TAVR 
(6.3% vs 4.3%). This counterintuitive finding suggests 
that SAVR may be associated with low-flow pseudo-
PPM, and the clinical impact of this entity is unknown. 
In the low-risk Evolut trial, severe PPM occurred at 
12 months in 1.8% of patients in the TAVR group and 
in 8.2% of patients in the surgery group.19

Multiple studies and meta-analyses have shown an 
increased perioperative and overall mortality in the 
SAVR population with severe PPM.1,3-5 In addition, PPM 
is associated with slower and less complete regression 
of left ventricular hypertrophy and pulmonary hyper-
tension, worse functional class, reduced exercise capac-
ity, and reduced quality of life, as well as more cardiac 
events.20,21 PPM may also predispose patients to struc-
tural valve deterioration.22

HOW DOES TRANSCATHETER VALVE DESIGN 
IMPACT PPM?

Few direct comparisons of THV designs evaluate pos-
sible differences in the incidence of PPM with different 
valve types. When looking at the reported incidences of 
PPM by valve type, PPM is more common with BE ver-
sus SE TAVR (Table 2).16 However, outcomes associated 
with PPM appear less significant with BE compared to 
SE TAVR (HR, 0.58–1.2 vs approximately 1.7, respectively). 
Some of these differences could relate to differences in 
valve design and pressure recovery.

Pressure recovery downstream of the aortic valve 
constitutes an important factor affecting the calculation 
of pressure gradient across the valve and, therefore, the 
aortic valve area.23 The pressure gradient measured at 
the vena contracta (ie, the pressure gradient measured 
by echo Doppler) represents the greatest pressure dif-
ference across a stenotic orifice; however, downstream 

from the vena contracta, the kinetic energy of the blood 
is converted back to potential energy (pressure) with 
pressure recovery in the ascending aorta. Although both 
the vena contracta gradient and pressure recovered 
gradients exist in vivo, the recovered pressure represents 
the net pressure seen by the left ventricle and may be 
the most relevant hemodynamic measurement.9 The 
amount of pressure recovery is dictated by several fac-
tors, such as turbulence,24 velocity of blood at the orifice, 
and the geometry of the aorta.25 

In a recent in vitro study of the two commercially 
available THVs, Hatoum et al showed that while gradi-
ents at the vena contracta are higher with the BE THV, 
in part because of a slight increase in gradient within 
the stent frame, the net gradient after pressure recovery 
was significantly lower compared with SE THV.26 Thus, 
efficiency of pressure recovery significantly depends 
on valve type, likely due to stent interference with 
the recovering blood flow,27 and the calculated EOA 
using the vena contracta gradients underestimates the 
downstream valve area and overestimates the severity 
of PPM for the BE valve. These findings could explain 
why severe PPM in the PARTNER IA trial was associated 
with increased risk of mortality in the SAVR arm but 
not in the TAVR arm,1 whereas severe PPM was associ-
ated with increased risk of mortality in both arms in 
the CoreValve pivotal high-risk trial.7

CLINICAL CONTEXT
Although using the predicted iEOA for a given THV 

can be performed using the normative data that have 
been published, this discussion raises significant issues 
with the clinical value of such an exercise for every THV 
type. For the SE valve, in which severe PPM is associated 
with increased short- and midterm mortality, using 
the tables for expected valve area by annular measure-

TABLE 2.  SUMMARY OF PPM PREVALENCE AND MORTALITY RISK

SAVR TAVR SE TAVR BE

Prevalence of severe PPM by predicted iEOA 10% – –

Prevalence of severe PPM by measured iEOA 6%–28% 2%–7% 4%–20%

Mortality hazard ratio for severe PPM 1.3–1.8 1.7 0.58–1.2*

Note: This table summarizes the prevalence and outcomes of PPM from both randomized and nonrandomized studies.
Abbreviations: iEOA, indexed effective orifice area; PPM, prosthesis-patient mismatch; SAVR, surgical aortic valve replacement; TAVR BE, balloon-
expandable transcatheter aortic valve replacement; TAVR SE, self-expanding transcatheter aortic valve replacement.
*Hazard ratio was not significant in the PARTNER I trial, except for the subgroup of continued access patients with no paravalvular regurgitation, 
where the hazard ratio was 1.88.
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ment or planned THV size will predict the occurrence 
of PPM. In addition, a recent presentation of data 
based on the CoreValve pivotal and SURTAVI trial 
data showed that a Doppler velocity index (DVI) ≤ 0.5 
occurred in 32% of SE TAVR and 50% of SAVR patients 
and was associated with a higher 3-year mortality rate 
in TAVR (20% vs 18.5%; P = .025).28 Thus, using the 
tables of expected normal values for the SE valve11 to 
estimate expected EOA, iEOA, and DVI in order to pre-
dict outcomes would be appropriate.

For the BE valve, the association of PPM with mortal-
ity is more tenuous, with randomized trials suggesting no 
significant mortality and nonrandomized data showing a 
risk for increased mortality. The hemodynamic differences 
between the SE and BE valves continue to be studied but 
may be in part a result of the underestimation of BE THV 
EOA due to pressure recovery. The tables of expected 
normal values for the BE valve11 may be important for 
follow-up, particularly in the absence of patient-specific 
post-TAVR data, but may not be as useful for predicting 
outcomes prior to valve implantation. 

CONCLUSION
The measurement of PPM is nuanced, with multiple 

hemodynamic variables affecting quantitation of pros-
thetic EOA. The grading of PPM should use EOA indexed 
to body surface area, with different cutoffs depending 
on BMI. Other confounders (pseudo-PPM due to low 
flow, pressure recovery) require further study. TAVR is 
associated with less PPM than SAVR, and severe PPM in 
SAVR is consistently associated with increased mortality. 
The adverse outcomes of PPM associated with the SE 
THV have not been seen with the BE THV, and differ-
ences in valve construct and hemodynamics may help 
explain these discordant results. Thus, an individualized 
approach to valve choice should always be made while 
considering these differences in outcomes related to 
PPM, as well as differences in incidence and outcomes 
associated with other complications, such as paravalvular 
regurgitation and stroke. n
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