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ORIGINAL RESEARCH

Comparison of Transvalvular Aortic Mean 
Gradients Obtained by Intraprocedural 
Echocardiography and Invasive 
Measurement in Balloon and Self- 
Expanding Transcatheter Valves
Amr E. Abbas , MD; Ramy Mando , MD; Amer Kadri, MD; Houman Khalili, MD; George Hanzel, MD;  
Francis Shannon, MD; Karim Al- Azizi, MD; Thomas Waggoner, MD; Safwan Kassas, MD; Thomas Pilgrim , 
MD; Taishi Okuno, MD; Alexander Camacho , PhD; Alexandra Selberg , MA; Sammy Elmariah , MD; 
Anthony Bavry , MD; Julien Ternacle , MD; Jared Christensen , MD; Neil Gheewala, MD;  
Philippe Pibarot , PhD, DVM; Michael Mack , MD

BACKGROUND: Concerns about discordance between echocardiographic and invasive mean gradients after transcatheter aor-
tic valve replacement (TAVR) with balloon- expandable valves (BEVs) versus self- expanding valves (SEVs) exist.

METHODS AND RESULTS: In a multicenter study, direct- invasive and echocardiography- derived transvalvular mean gradients 
obtained before and after TAVR were compared as well as post- TAVR and discharge echocardiographic mean gradients 
in BEVs versus SEVs in 808 patients. Pre- TAVR, there was good correlation (R=0.614; P<0.0001) between direct- invasive 
and echocardiography- derived mean gradients and weak correlation (R=0.138; P<0.0001) post- TAVR. Compared with post- 
TAVR echocardiographic mean gradients, both valves exhibit lower invasive and higher discharge echocardiographic mean 
gradients. Despite similar invasive mean gradients, a small BEV exhibits higher post- TAVR and discharge echocardiographic 
mean gradients than a large BEV, whereas small and large SEVs exhibit similar post- TAVR and discharge mean gradients. An 
ejection fraction <50% (P=0.028) and higher Society of Thoracic Surgeons predicted risk of mortality score (P=0.007), but not 
invasive or echocardiographic mean gradient ≥10 mm Hg (P=0.378 and P=0.341, respectively), nor discharge echocardio-
graphic mean gradient ≥20 mm Hg (P=0.393), were associated with increased 2- year mortality.

CONCLUSIONS: Invasively measured and echocardiography- derived transvalvular mean gradients correlate well in aortic steno-
sis but weakly post- TAVR. Post- TAVR, echocardiography overestimates transvalvular mean gradients compared with invasive 
measurements, and poor correlation suggests these modalities cannot be used interchangeably. Moreover, echocardiographic 
mean gradients are higher on discharge than post- TAVR in all valves. Despite similar invasive mean gradients, a small BEV 
exhibits higher post- TAVR and discharge echocardiographic mean gradients than a large BEV, whereas small and large SEVs 
exhibit similar post- TAVR and discharge mean gradients. Immediately post- TAVR, elevated echocardiographic- derived mean 
gradients should be assessed with caution and compared with direct- invasive mean gradients. A low ejection fraction and 
higher Society of Thoracic Surgeons score, but not elevated mean gradients, are associated with increased 2- year mortality.
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Transcatheter aortic valve replacement (TAVR) 
with balloon- expandable valve (BEV) and self- 
expanding valve (SEV) platforms are approved in 

patients with severe native aortic stenosis (AS)1– 7 and 
degenerated surgical bioprosthetic valves (surgical 
aortic valve replacement).8

Echocardiography has been established as the 
primary method for evaluation of prosthetic valve 
performance, and several studies have reported 
the post- TAVR transvalvular mean gradients and the 
aortic valve area in currently approved BEVs and 
SEVs.9– 14 Discharge echocardiographic mean gra-
dients remain a parameter for defining TAVR device 
success or failure12 as well as a measure of compar-
ative hemodynamic performance between different 
TAVR valves, despite an unclear impact on clinical 
outcomes.15

Discordance between direct- invasive and 
echocardiography- derived mean gradients has been 
reported in native AS,16 in normal surgical aortic valve 
replacement valves,17– 21 and following TAVR and valve- 
in- valve TAVR.22,23 Echocardiographic mean gradients, 
derived from the transaortic velocity, are subject to 
simplification of, and inherent limitations within, the 
Bernoulli equation when it is applied in otherwise nor-
mal prosthetic valves combined with the omission of 
pressure recovery.16– 21,24 Assuming increased tran-
saortic velocity occurs only from an increased gradi-
ent, while ignoring other causes of increased velocity, 
echocardiography causes significant overestimation of 
transvalvular mean gradients compared with invasive 
measures.

In this multicenter study, we sought to compare 
directly measured invasive mean gradients with their 
respective echocardiography- derived transaortic valve 
mean gradients obtained intraprocedurally at baseline 
pre- TAVR and immediately post- TAVR, to compare 
SEVs versus BEVs in regard to post- TAVR invasive, 
echocardiographic, and discharge echocardiographic 
mean gradients, and to assess the impact of elevated 
mean gradients on clinical outcomes. We hypothe-
sized that echocardiographic- derived mean gradients 
would correlate favorably to invasive mean gradients in 
patients with severe AS before TAVR, but not in normal 
functioning prosthesis post- TAVR.

METHODS
Study Design
This is a multicenter study of consecutive patients 
undergoing TAVR at: Ascension St. Mary’s Hospital, 
Saginaw, MI; Beaumont Hospital, Royal Oak, MI; 
Bern University Hospital, Bern, Switzerland; Delray 
Medical Center, Delray Beach, FL; The Heart Hospital 
Baylor Plano, Plano, TX; Pima Heart and Vascular, 
Tucson Medical Center, Tucson, AZ; Massachusetts 
General Hospital, Boston, MA; Quebec Heart and 
Lung Institute, Quebec City, Quebec, Canada; and 
University of Florida, Gainesville, FL.

Each participating center included patients’ clini-
cal, echocardiography, invasive, and valve data into 
a multicenter registry. The inclusion criteria for this 
analysis were patients who underwent TAVR for se-
vere AS with available post- TAVR echocardiography 
and invasive mean gradients. Beaumont Hospital was 
the coordinating center, and A.A. had access to all 
the data entries after submission by participants and 
was responsible for data integrity. Each institution’s 
institutional review board approved the study, pro-
tected health information was removed from the data, 
and data- sharing agreements were signed between 
the coordinating center and participating institutions. 

CLINICAL PERSPECTIVE

What Is New?
• After transcatheter aortic valve replacement 

(TAVR), echocardiography overestimates 
transaortic valve invasive mean gradients, but 
poor correlation between these modalities 
suggests that they are discordant and cannot 
be used interchangeably and suggests that 
elevated echocardiographic mean gradients 
should be assessed with caution and confirmed 
invasively.

• Compared with post- TAVR echocardiographic 
mean gradients, all TAVR valves, regardless of 
type and size, exhibit similar and lower post- 
TAVR invasive mean gradients, but different and 
higher discharge echocardiographic mean gra-
dients that are valve type and size specific.

What Are the Clinical Implications?
• Ejection fraction and Society of Thoracic 

Surgeons score predicted risk of mortality, but 
not elevated echocardiographic or invasive 
mean gradients, are associated with increased 
mortality at 2  years, yet both TAVR valves 
have overall excellent noninvasive and invasive 
hemodynamic profiles and remarkable clinical 
outcomes at 30 days and 2 years.

Nonstandard Abbreviations and Acronyms

AS aortic stenosis
BEV balloon- expandable valve
SEV self- expanding valve
TAVR transcatheter aortic valve replacement
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Authors elect not to make data available because of 
ongoing analysis and studies.

Clinical Data
Patients’ demographics, mortality date, and time to 
follow- up were retrieved from the medical records by 
each center. Clinical data points included body surface 
area, body mass index, comorbidities, New York Heart 
Association class at baseline, and Society of Thoracic 
Surgeons predicted risk of mortality.

Echocardiography
Echocardiograms were acquired using a commercially 
available ultrasound machine, and measurements 
were done according to current recommenda-
tions.25,26 The left ventricular outflow tract (LVOT) di-
ameter was measured immediately beneath the 
aortic valve leaflets before TAVR, and just below the 
left ventricular border of the bioprosthetic valve stent 
from outer- to- outer border in a parasternal long- axis 
zoom view post- TAVR and at discharge. However, if 
the apical margin of the stent was too low, the LVOT 
diameter was measured within the proximal portion 
of the valve stent.14,27 The pulse- wave Doppler sam-
ple volume was positioned just apical to the pros-
thesis stent at approximately the same location as 
the LVOT diameter measurement to obtain the LVOT 
time- velocity integral. Stroke volume was calculated 
by multiplying LVOT area (calculated from LVOT diam-
eter) by LVOT velocity- time integral and was indexed 
for body surface area to obtain stroke volume index. 
The aortic valve area was calculated by the continuity 
equation and indexed by body surface area to obtain 
the indexed aortic valve area. The mean transvalvu-
lar gradient was derived from the modified Bernoulli 
formula through tracing the continuous wave Doppler 
jet across the valve from multiple windows. The ejec-
tion fraction was obtained by the Simpson biplane 
methods, as previously described,26 and aortic re-
gurgitation was calculated as a combination of both 
paravalvular and transvalvular regurgitation.

Invasive Gradient
The transvalvular mean gradient was obtained immedi-
ately before and after valve deployment as follows. The 
left ventricular (LV) pressure was obtained as apical as 
possible in the LV, either from a pigtail introduced into 
the LV, via the delivery system catheter in the LV after 
wire removal, or via the LV lumen of a dual- lumen cath-
eter. The aortic pressure was obtained in the ascend-
ing aorta from another pigtail catheter via contralateral 
access, via the delivery system catheter positioned in 
the ascending aorta, or via the aortic lumen of a dual- 
lumen catheter.

Simultaneous LV and aortic pressures were ob-
tained, both transducers were adequately flushed and 
zeroed, and waveforms were checked for dampening 
before recording.

Absolute and Percentage Differences 
Between Echocardiographic and Invasive 
Mean Gradients (Discordance)
The absolute difference between pre- TAVR and post- 
TAVR echocardiographic and invasive mean gradients 
was calculated as follows: (echocardiography−invasive 
mean gradient) and used as a measure of absolute 
discordance.

The percentage difference between pre- TAVR and 
post- TAVR echocardiographic and invasive mean 
gradients was calculated as follows: ([echocardiogra-
phy−invasive mean gradient]/echocardiographic mean 
gradient)×100 and used as a measure of percentage 
discordance.

Absolute and Percentage Differences 
Between Post- TAVR and Discharge 
Echocardiographic Mean Gradients
Absolute difference between echocardiographic post- 
TAVR and discharge mean gradients was calculated 
as follows: (discharge mean gradient−post- TAVR mean 
gradient).

Percentage difference between echocardio-
graphic post- TAVR and discharge mean gradients 
was calculated as follows: ([discharge mean gra-
dient−post- TAVR mean gradient]/post- TAVR mean 
gradient)×100.

Valve Types and Sizes
Valves were classified as small based on the sizes of 
different valve types fitting an annular area ≤415 mm2 
per the manufacturers’ recommendation. For BEVs, 
large included 26 and 29  mm, and small included 
20 and 23 mm. For SEVs, large included 29, 31, and 
34 mm, and small included 23 and 26 mm.

Statistical Analysis
Continuous data were presented as mean±SD or as 
median and interquartile range, when distribution was 
skewed as for the mean gradients. Categorical data 
were presented as percentages and fraction of occur-
rence. Pre- TAVR and post- TAVR echocardiographic 
versus invasive mean gradients and post versus dis-
charge echocardiographic mean gradients based on 
valve types and sizes were compared using the de-
pendent t test for normally distributed variables and 
Wilcoxon signed- rank test for nonparametric variables. 
Comparisons between absolute and percentage 
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discordance between pre- TAVR and post- TAVR were 
conducted only in patients with both concomitant pre- 
TAVR echocardiographic and invasive mean gradients 
and post- TAVR echocardiographic and invasive mean 
gradients. Comparisons between post- TAVR and 
discharge echocardiographic mean gradients were 
conducted only in patients with both post- TAVR and 
discharge echocardiographic mean gradients.

Group comparisons of the above indexes be-
tween valve types and sizes were performed using 
the independent t test, or Mann- Whitney U test for 
nonparametric data. Pearson correlation and linear 
regression analysis were conducted between invasive 
and echocardiographic mean gradients pre- TAVR and 
post- TAVR. Deming regression was also performed to 
account for potential measurement errors with either 
method; an error ratio of 1 was assumed. Passing- 
Bablok regression was also performed given the non-
parametric and heteroscedastic data post- TAVR, as 
well as relative resistance to the effect of outliers.

Kaplan- Meier estimates and log- rank test were 
used to compare occurrence of mortality over 2 years, 
stratified according to echocardiographic and inva-
sive mean gradients, ejection fraction following TAVR, 

and Society of Thoracic Surgeons predicted risk of 
mortality.

All statistical analyses were performed with the 
use of SPSS software, version 25.0 (IBM, New York, 
NY) and R version 4.0.1 in R- studio version 1.3.959 (R 
Foundation for Statistical Computing, Vienna, Austria). 
P<0.05 was considered statistically significant. There 
was no adjustment for multiplicity.

RESULTS
A total of 808 patients with AS underwent TAVR with 
intraprocedural invasive and echocardiographic mean 
gradients obtained (Figure  1); 629 (78%) were BEVs 
(214 [34%] small and 414 [66%] large), and 179 (22%) 
were SEVs (68 [38%] small and 109 [62%] large); size 
was not available in 3 patients. Intraprocedural pre- 
TAVR mean gradients were obtained and only available 
in 547 of 808 patients (68%), and discharge echocar-
diographic mean gradients were obtained and only 
available in 744 of 808 patients (92%).

Echocardiographic and invasive measurements 
were obtained within 15 to 20 minutes pre- TAVR, within 
5 to 10 minutes post- TAVR, and before discharge for 

Figure 1. A total of 808 patients underwent intraprocedural echocardiographic and invasive 
mean gradient assessment after transcatheter aortic valve replacement (TAVR) for native aortic 
stenosis (AS) with a balloon- expandable valve (BEV) and a self- expanding valve (SEV) within 5 to 
10 minutes of each other.
ViV indicates valve in valve.
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discharge echocardiography. Table  1 demonstrates 
baseline demographics and hemodynamics.

Discordance Between Echocardiographic 
and Invasive Mean Gradients Pre- TAVR 
Versus Post- TAVR
Invasive and echocardiographic mean gradients are re-
ported as median (interquartile range). Table 2 demon-
strates post- TAVR and discharge valve hemodynamics.

In patients with AS before TAVR, Deming and 
Passing- Bablok regression reveal good correlation 
(Pearson r=0.614; P<0.0001) (Figure 2A and 2C), and 
significant difference between echocardiographic 

(41  [33– 49] mm Hg) versus invasive mean gradients 
(35 [26– 44] mm Hg; P<0.0001) was noted (Figure 2E).

Following TAVR, Deming and Passing- Bablok 
regression reveal weak to no correlation (Pearson 
r=0.138; P<0.0001) (Figure 2B and 2E), and significant 
difference between echocardiographic (4  [3– 6] mm 
Hg) versus invasive mean gradients (0  [0– 3] mm Hg; 
P<0.0001) was noted (Figure 2E).

The absolute difference (absolute discordance) 
between echocardiographic and invasive mean gra-
dients was higher pre- TAVR (6 [−1 to 13] mm Hg) ver-
sus post- TAVR (3 [2– 5] mm Hg; P<0.0001) (Figure 2E), 
whereas the percentage difference (percentage dis-
cordance) was markedly lower pre- TAVR (14% [−3% to 
29%]) compared with post- TAVR (100% [47%– 100%]; 
P<0.0001) (Figure 2F).

BEV Versus SEV Invasive and 
Echocardiographic Mean Gradients and 
Discordance
Post- TAVR, echocardiographic/invasive mean gradi-
ent absolute discordance was present in BEVs (4 [3– 
6] versus 0 [0– 3] mm Hg, respectively; P<0.001) and 
SEVs (4  [3– 7] versus 0  [0– 2] mm Hg, respectively; 
P<0.0001).

Moreover, there was no significant difference be-
tween BEVs and SEVs in either their echocardiographic 
(P=0.967) or invasive mean gradients (P=0.167), and the 
absolute (3 [2– 5] versus 3 [2– 5] mm Hg, respectively; 
P=0.170) or percentage difference (100% [40%– 100%] 
versus 100% [57%– 100%], respectively; P=0.108) in 
discordance (Figure 3A).

Large Versus Small BEV and SEV Invasive 
and Echocardiographic Mean Gradients
Post- TAVR, all valves, regardless of type or size, exhib-
ited similar invasive mean gradients: 1 (0– 3) mm Hg for 
small BEVs, 0 (0– 3) mm Hg for large BEVs, 0 (0– 3) mm 
Hg for small SEVs, and 0 (0– 2) mm Hg for large SEVs 
(P=0.128) (Figure 3B).

However, small BEVs exhibited higher echocar-
diographic mean gradients (5  [4– 7] mm Hg) com-
pared with large BEVs (4  [3– 6] mm Hg; P<0.0001). 
Conversely, small SEVs (4  [3– 7] mm Hg) and large 
SEVs (4  [3– 7] mm Hg) exhibited similar echocardio-
graphic mean gradients (P=0.289) (Figure  3B). In a 
subanalysis of 20- mm BEVs versus 23- mm BEVs, 20- 
mm BEVs exhibited even a higher echocardiographic 
mean gradient post- TAVR compared with 23- mm 
BEVs (8 [6– 9] mm Hg versus 5 [4– 7] mm Hg, respec-
tively; P=0.003) despite a similar invasive gradient 
(P=0.544, for invasive mean gradients) (Figure S1).

In addition, small BEVs exhibited a greater absolute 
difference between echocardiographic and invasive 

Table 1. Baseline Clinical, Echocardiographic, Invasive, 
and CTA Characteristics

Baseline Characteristics (N=808)
Findings, Mean±SD or 

No. (%)

Clinical

Age, y (n=782) 81±9

Male sex (n=798) 428 (53)

Body mass index, kg/m2 (n=709) 29±7

Body surface area, m2 (n=748) 1.9±0.27

Hypertension (n=769) 482 (63)

Diabetes mellitus (n=769) 390 (51)

Dyslipidemia (n=645) 550 (85)

Chronic kidney disease (n=444) 306 (69)

Coronary artery disease (n=769) 251 (33)

NYHA class (n=769) 2.45±0.76

I– II 375 (49)

III– IV 394(51)

Society of Thoracic Surgery predicted 
risk of mortality (n=734)

5.82±4.3

<4 263 (6)

4– 8 341 (6)

>8 130 (18)

Echocardiographic hemodynamics

Ejection fraction, % (n=760) 57±13

>50% 604 (79)

<50% 156 (21)

Mean gradient, mm Hg (n=643) 41±13

AVA, cm2 (n=452) 0.70±0.25

Indexed AVA, cm2/m2 (n=438) 0.37±0.13

SVI, mL/m2 (n=325) 33±11

Low- flow (SVI <35 mL/m2) 196 (60)

Invasive mean gradient, mm Hg (n=627) 36±14

Cardiac CTA

CT annular area, mm2 463±92

CT annular perimeter, mm 78±8

Data are reported as mean±SD for continuous variables and as number 
(percentage) of occurrence for categorical variables. AVA indicates aortic 
valve area; CT, computed tomography; CTA, CT angiography; NYHA, New 
York Heart Association; and SVI, stroke volume index.
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mean gradients (4 [2– 6] mm Hg) compared with large 
BEVs (3 [1– 4] mm Hg; P<0.0001), whereas small and 
large SEVs exhibited similar absolute differences be-
tween their echocardiographic and invasive mean 
gradients (3 [2– 6] mm Hg versus 3 [2– 5] mm Hg, re-
spectively; P=0.726) (Figure 3B).

The percentage difference between echocardio-
graphic and invasive mean gradients was similar be-
tween small versus large SEVs (98.5% [43%– 100%] 
versus 100% [67%– 100%], respectively; P=0.062), 

and between small versus large BEVs (89.5% [50%– 
100%] versus 100% [40%– 100%], respectively; 
P=0.734).

Post- TAVR Versus Discharge 
Echocardiographic Hemodynamics
Discharge echocardiographic mean gradients were 
significantly higher than post- TAVR (9  [7– 12] mm Hg 
versus 4  [3– 6] mm Hg, respectively; P<0.0001), in 
BEVs (10 [8– 13] mm Hg versus 4 [3– 6] mm Hg, respec-
tively; P<0.0001) and in SEVs (7 [6– 10] mm Hg versus 
4 [3– 7] mm Hg, respectively; P<0.0001).

Compared with SEVs, BEVs exhibited higher dis-
charge mean gradient (P<0.0001), higher absolute 
difference (5  [3– 7] mm Hg versus 3  [1– 5] mm Hg, 
respectively; P<0.0001), and higher percentage dif-
ference between discharge and post- TAVR echocar-
diographic mean gradients (120% [67%– 200%] versus 
67% [20%– 125%], respectively; P<0.0001).

Small BEVs exhibited higher discharge mean gradi-
ents than any other valve type or size (Figure S2). The 
20- mm BEVs exhibited even a higher discharge mean 
gradient compared with 23- mm BEVs (16 [12– 21] mm 
Hg versus 11  [9– 14] mm Hg, respectively; P=0.002) 
(Figure S2). Small BEVs exhibited a higher discharge 
mean gradient, higher absolute difference, but a similar 
percentage difference in discharge versus post- TAVR 
mean gradients compared with larger BEVs, whereas 
small and large SEVs exhibited similar discharge 
mean gradients, absolute, and percentage differences 
(Figure S2 and Figure 4).

Invasive Versus Echocardiographic Mean 
Gradients and Mortality
The 30- day mortality was 9 of 769 (1.1%), and the 2- 
year mortality was 69 of 742 (9.2%). Neither an elevated 
post- TAVR echocardiographic (log- rank P=0.341) or in-
vasive (log- rank P=0.378) mean gradient ≥10 mm Hg 
nor an elevated discharge mean gradient ≥20 mm Hg 
(log- rank P=0.393) was associated with increased 
2- year mortality. An increased Society of Thoracic 
Surgeons predicted risk of mortality (log- rank P=0.007) 
and an ejection fraction <50% following TAVR (log- rank 
P=0.028) were associated with increased 2- year mor-
tality (Figure 5).

DISCUSSION
This study demonstrates the following: (1) In con-
trast to patients with AS, there is weak to no cor-
relation and agreement between echocardiography 
and invasive mean gradients following TAVR regard-
less of valve type or size. (2) Post- TAVR, all valves 
sizes have similar invasive mean gradients. However, 
small BEVs (especially 20- mm BEVs) exhibit a higher 

Table 2. Post- TAVR and Discharge Invasive and 
Echocardiographic Hemodynamics

Variables (N=808)

Findings, 
Mean±SD  
or No. (%)

Post- TAVR hemodynamics

Echocardiographic mean gradient, mm Hg 
(n=808)

5±3

>10 mm Hg 57 (7)

>20 mm Hg 2 (0.2)

Invasive mean gradient, mm Hg (n=808) 2±3

>5 mm Hg 105 (13)

>10 mm Hg 21 (3)

AVA, cm2 (n=532) 1.95±0.63

Indexed AVA, cm2/m2 (n=521) 1.04±0.34

Severe PPM 54 (10)

SVI, mL/m2 (n=322) 31±11

Low- flow (SVI <35 mL/m2) 222 (69)

Discharge TAVR hemodynamics

Echocardiographic mean gradient, mm Hg 
(n=744)

10±4

>20 mm Hg 30 (4)

AVA, cm2 (n=495) 1.7±0.54

Indexed AVA, cm2/m2 (n=491) 0.9±0.29

Severe PPM 83 (17)

SVI, mL/m2 (n=621) 37±11

Low- flow (SVI <35 mL/m2) 280 (45)

Ejection fraction, % (n=621) 60±13

>50% 522 (84)

<50% 99 (16)

Aortic regurgitation (n=626)

Aortic regurgitation >2 32 (5)

Valve type (n=808)

Self- expanding valve 179 (22)

Small 68 (38)

Large 109 (62)

Balloon- expanding valve 629 (78)

Small 214 (34)

Large 414 (66)

Data are reported as mean±SD for continuous variables and as number 
(percentage) of occurrence for categorical variables. AVA indicates aortic 
valve area; PPM, prosthesis patient mismatch; SVI, stroke volume index; and 
TAVR, transcatheter aortic valve replacement.
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echocardiographic mean gradient compared with 
large BEVs, whereas small and large SEVs ex-
hibit similar echocardiographic mean gradients. (3) 
Discharge echocardiographic mean gradients are 
significantly higher than post- TAVR, significantly 
higher in BEVs compared with SEVs, and higher in 
small BEVs compared with all other valves. (4) Both 
BEVs and SEVs have overall excellent noninvasive 

and invasive hemodynamic profiles, low percentages 
of elevated mean gradients immediately post- TAVR 
and at discharge, and remarkable clinical outcomes 
at 30 days and 2 years. Elevated echocardiographic 
or invasive mean gradients are not associated with 
increased 2- year mortality.

We have previously reported post- TAVR echocar-
diography/catheterization discordance following both 

Figure 2. Deming regression, Pearson coefficient, Passing- Bablok regression, and comparisons of invasive (Cath) vs 
echocardiographic (Echo) mean gradients (MGs) obtained intraprocedurally before transcatheter aortic valve replacement 
(TAVR) (A, C, and E) in aortic stenosis (AS) and post- TAVR (B, D, and E).
There is good correlation between Cath and Echo MGs in patients with AS (A) but a weak to no correlation (B) after TAVR, suggesting 
both modalities are not interchangeable. Echocardiography overestimates Cath MGs before and after TAVR (E). However, although 
there is a higher absolute discordance (Δ Echo- Cath) between echocardiography and Cath MGs in AS compared with post- TAVR (E), 
the percentage discordance (percentage Echo/Cath) is markedly higher post- TAVR in a normal functioning prosthesis (100%) (F) than 
in AS (14%). Data presented as median (interquartile range).
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native and valve- in- valve TAVR22,23,28 in a single- center 
analysis. Our current study confirms our previous 
findings and confirms that echocardiography- derived 
transvalvular mean gradients in severe native AS 
correlate and compare well with invasive mean 

gradients. However, post- TAVR, because of poor 
correlation and comparison of echocardiography- 
derived mean gradients to direct- invasive mean 
gradients, they are discordant and cannot be used 
interchangeably.

Figure 3. Post– transcatheter aortic valve replacement invasive and echocardiographic (Echo) mean gradients (MGs), and 
the difference between both based on valve type (A) and valve size (B).
Data presented as median (interquartile range). Discordance between Echo and invasive MGs was present in both valves (A). There 
was no difference in Echo or invasive MGs, nor the difference between them in different platforms. Despite similar invasive MGs 
among all sizes, a small balloon- expandable valve (BEV) demonstrated a higher Echo MG, a greater absolute discordance, and a 
similar percentage discordance between Echo and invasive MGs compared with a large BEV (B). Small and large self- expanding 
valves (SEVs) exhibited similar Echo MGs, absolute discordance, and percentage discordance between Echo and invasive MGs.
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Discordance Between Echocardiographic 
and Invasive Mean Gradients
Discordance between echocardiographic and inva-
sive mean gradients in AS and surgical prostheses 
is well described.16 Following surgical aortic valve re-
placement, discordance is dependent on valve type 
and size,18,21,24 is more prevalent in normally func-
tioning compared with stenotic valves,29 and cannot 
simply be explained by pressure recovery.24 Similarly, 
post- TAVR, adjusting for pressure recovery and the 

simplification of the Bernoulli equation improved, but 
did not resolve, discordance, especially after valve- 
in- valve TAVR. This potentially points to an inherent 
limitation of the Bernoulli equation when applied in 
normal functioning prosthesis beyond the effects of 
pressure recovery.28

Although invasive gradient is directly measured 
(and not immune to measurement errors), the aortic 
valve velocity obtained by echocardiography is used 
in the Bernoulli equation to derive the mean gradi-
ent and in the continuity equation to derive the aortic 

Figure 4. Visual overview.
BEV indicates balloon- expandable valve; Cath, invasive; D/C, discharge; Echo, echocardiographic; MG, mean gradient; SEV, self- 
expanding valve; TAVR, transcatheter aortic valve replacement; ViV, valve in valve; Δ D/C- post, difference between discharge and 
post- Echo MG; and Δ Echo- Cath, difference between echocardiography and catheterization MG (absolute discordance).
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Figure 5. Kaplan- Meier graphs with confidence bands, with and without truncation of the y axes, and log- 
rank for 2- year survival after transcatheter aortic valve replacement (TAVR) echocardiographic (Echo) mean 
gradient (MG) (A), invasive MG (B), discharge MG (C), left ventricular ejection fraction (LVEF) (D), and Society of 
Thoracic Surgery (STS) predicted risk of mortality (PROM) (E).
Increased STS PROM and LVEF <50%, but not elevated MGs, were associated with increased 2- year mortality.
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valve area. The assumption is that the aortic velocity 
is only a reflection of the true valve gradient from a 
reduced area and vice versa. In reality, the reported 
echocardiographic mean gradient derived from the 
aortic valve velocity accounts only for, and attributes 
all increased velocity to, convective acceleration that 
is assumed to be from a reduced area. In addition to 
omitting the proximal LVOT pressure, Bernoulli omits 
other causes of increased velocity as nonconvec-
tive variables (flow acceleration and viscous forces), 
pressure recovery, flow amount, and type between 
different valves30– 32 (laminar versus turbulent, single 
versus multiple zones of flow convergence in series, 
and long versus short valve frames). An elevated aor-
tic velocity attributable to the aforementioned factors, 
apart from a true transaortic gradient from a reduced 
area, is attributed by echocardiography as convec-
tive acceleration and thus leads to an unpredict-
able overestimation of the mean gradient. Although 
these effects occur in AS, their relative contribution 
is minor, because the increased velocity is primar-
ily accounted for by the stenotic valve and thus the 
mean gradient is mainly channeled through convec-
tive acceleration. In nonstenotic prostheses, the sim-
plification of Bernoulli, neglecting pressure recovery, 
and ignoring the Bernoulli equation requirements be-
come more apparent, and their relative significance 
increases.33

Although the numerical differences between inva-
sive and echocardiographic mean gradients may be 
small post- TAVR, there are several important points 
to consider. First, this is likely related to the popula-
tion studied “post- TAVR for native AS” only. We have 
previously demonstrated a larger absolute difference 
following valve- in- valve TAVR.28 Second, the absolute 
difference between echocardiographic and invasive 
mean gradients is related to valve size and type; it is 
as low as 4 mm Hg for large BEVs and SEVs and as 
high as 8 mm Hg in the 20- mm BEVs (Figure S1). Most 
patients had a large valve size, decreasing the absolute 
numerical difference. Third, even though the absolute 
discordance is small, the percentage discordance is 
elevated up to 100%, markedly higher compared with 
<15% in aortic stenosis (Figure  2F). Finally, the poor 
correlation between both modalities suggests they 
cannot be used interchangeably as a specific echocar-
diographic mean gradient may exhibit different invasive 
mean gradient values.

Discharge Versus Post- TAVR 
Hemodynamics
Previous studies have reported lower mean gradients 
in AS under the effect of sedation and anesthesia.34 
Our study extends these findings to mean gradients 
post- TAVR. Discharge mean gradients may be higher 

because of resolution of the effects of sedation, better 
patients’ position and alignment of Doppler signal, and 
increased transvalvular flow. Although this phenom-
enon occurs in both valves, it is exaggerated in BEVs 
(120% increase in mean gradient), particularly small 
valves, compared with SEVs (<70% increase in mean 
gradient). The reason for this is unclear; however, dif-
ferences in flow pattern between valves as well as the 
response to increased flow in different valve designs 
may be factors. Discharge mean gradients are the val-
ues reported to transcatheter valve therapy (TVT) reg-
istry, and this may explain the higher mean gradients 
reported by BEVs compared with SEVs and possibly 
suggesting a larger numerical difference between in-
vasive mean gradients and TVT- reported echocardio-
graphic mean gradients.

Clinical Implications
The implications of this study are clinically significant. 
First, intraprocedural post- TAVR invasive evaluation 
may be required to confirm elevated echocardio-
graphic mean gradients because echocardiography 
overestimates invasive mean gradients and both mo-
dalities cannot be used interchangeably. The com-
parative hemodynamic performance of TAVR valves 
should not be based solely on the discharge echocar-
diographic mean gradient.

Second, the value of echocardiography to evaluate 
transaortic mean gradients noninvasively in patients 
with AS may not extend to patients with nonstenotic 
and otherwise normal TAVR valves given the poor cor-
relation to invasive mean gradients. However, echocar-
diography remains an invaluable tool to follow up on 
changes from baseline mean gradients and grading of 
aortic regurgitation (AR) following TAVR.

Third, this study confirms the lack of impact of 
echocardiographic and invasive mean gradients on 2- 
year mortality and argues that an elevated discharge 
echocardiographic mean gradient ≥20 mm Hg should 
not be equated with procedure futility or suboptimal 
valve hemodynamics, unless confirmed with multimo-
dality imaging or invasive hemodynamics.

Limitations
A core laboratory did not analyze the echocardio-
graphic or invasive data that were determined at each 
institution. However, careful attention to the fidelity of 
measurements was conducted and confirmed with 
multiple windows for echocardiography and careful 
balancing and flushing of the transducer for invasive 
measures. Moreover, invasive and echocardiographic 
measurements were obtained under similar hemody-
namic conditions.

Patients were supine for echocardiography, and un-
derestimation of the gradient may still be a possibility 
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given the patient’s position. Thus, echocardiography 
and invasive discordance may be higher.

It is impractical to obtain invasive mean gradients 
during long- term follow- up after TAVR. Thus, echocar-
diography remains important in identifying any signifi-
cant change in mean gradient from the post- TAVR as 
well as follow- up on AR with the understanding that 
discharge mean gradients are higher than post- TAVR. 
Larger studies may be required to determine the im-
pact of elevated mean gradients and are currently 
ongoing.

The 2- year follow- up may be too short to show an 
impact on mortality by elevated mean gradients; thus, 
our findings are hypothesis generating.

CONCLUSIONS
Although a good correlation exists between echocar-
diographic and invasive mean gradients in patients with 
native AS, there is low to no correlation between these 
mean gradients post- TAVR, suggesting they cannot be 
used interchangeably. Both BEVs and SEVs have over-
all excellent noninvasive and invasive hemodynamic 
profiles, with low percentages of elevated mean gradi-
ents immediately post- TAVR and at discharge. All valve 
platforms, regardless of type and size, demonstrate dis-
cordance between their echocardiographic and invasive 
mean gradients, exhibit the same invasive mean gradi-
ent, and generate higher discharge echocardiographic 
mean gradients compared with post- TAVR. Although 
the echocardiographic mean gradients are similar in 
large and small SEVs post- TAVR and on discharge, 
small BEVs exhibit higher post- TAVR compared with 
large BEVs and higher discharge echocardiographic 
mean gradients compared with all other valves. Elevated 
echocardiographic- derived mean gradients post- TAVR 
should be assessed with caution and compared with 
direct- invasive mean gradients during the procedure.
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Figure S1. Post transcatheter aortic valve replacement (TAVR) invasive versus 

echocardiographic mean-gradients in 20 and 23 mm balloon expandable valves 

(BEV). 

There was no difference in invasive mean-gradients between both valves and discordance 

between echocardiographic and invasive mean-gradients was noted in both. However, 20 

mm BEV valves demonstrated a higher echocardiographic mean gradient compared to the 23 

mm BEV. Data is presented as median, IQR. 
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Figure S2. Post versus discharge (D/C) echocardiographic mean gradients (A), absolute

(C), and percent (D) difference between post and D/C mean-gradients in small and large

balloon expandable (BEV) and self-expanding (SEV) valves. A sub study of 20 mm BEV 

versus 23 mm BEV is demonstrated in (B). 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 28, 2021



Small BEV exhibited higher discharge echocardiographic mean-gradients than any other valve 

type or size. In fact, 20 mm BEV exhibited even a higher discharge echocardiographic mean-

gradient compared to 23 mm BEV. While small BEV exhibited higher discharge 

echocardiographic mean-gradients, higher absolute difference, and similar percent difference 

in discharge versus post TAVR mean-gradients compared to large BEV, small SEV exhibited 

similar discharge echocardiographic mean-gradients and absolute and percent differences 

compared to large SEV (As also noted in FIGURE 4).
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