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Abstract
Background: The aim was to compare two echocardiographic methods for prosthetic valve effective ori�ce area
(EOA) measurement following transcatheter self-expanding aortic valve implantation.

Methods: EOA was calculated according to the continuity equation. Two methods were constructed. In Method
#1, the left ventricular out�ow tract diameter (LVOTd 1 ) was measured at the entry of the prosthesis (from
trailing to leading edge); in Method #2, the LVOTd 2 was measured proximal to the prosthetic valve lea�ets (from
trailing to leading edge). VTI LVOT was recorded by pulse doppler (PW) from apical windows. The region of the
PW sampling should match that of the LVOTd measurement with precise localization.

Results: A total of 113 consecutive patients were included in the study. All patients were followed up at one year.
The mean transvalvular pressure gradient correlated better with the indexed EOA 1 (EOAI 1 ) (r=-0.701, p<0.0001)
than EOAI 2 (r=-0.645, p<0.0001). Intra-observer reliability of EOA 1 and was EOA 2 was excellent (ICCs ranging
from: EOA 1 : 0.923 to 0.984, and EOA 2 : 0.898 to 0.979, respectively). Interobserver reliability of EOA 1 and was
EOA 2 was good (ICCs ranging from: EOA 1 : 0.742 to 0.948, and EOA 2 : 0.589 to 0.901, respectively).

Conclusions: For transcatheter self-expanding valve EOA measurement, LVOTd should be measured in the entry
of the prosthesis stent (from trailing to leading edge), and VTI LVOT should be measured when the PW sample is
located in the entry of the prosthesis stent.

Background
Transcatheter aortic valve implantation (TAVI) has emerged as an alternative to standard surgical aortic valve
replacement (SAVR) in high-risk patients with severe aortic stenosis. Five-year results in real-world, elderly, high-
risk patients undergoing TAVI with a self-expanding bio-prosthesis provided evidence for continued valve
durability with low rates of reinterventions and hemodynamic valve dysfunction [1–3].

Compared with the indexed geometric ori�ce area, the aortic valve effective ori�ce area (EOA) (estimated by the
continuity equation), which provides complementary information, is one of the main echocardiographic indexes
utilized to characterize the hemodynamic performance of prosthetic valves and identify the presence of
prosthesis–patient mismatch (PPM) [2,4]. Calculating EOA after TAVI relies on geometric measurement of the left
ventricular out�ow tract (LVOT) and the velocity time integral (VTI) of the LVOT in addition to Continuous wave
Doppler (CW) imaging of the aortic valve (VTIAV). There is little controversy regarding how to measure VTIAV.
However, the optimal site for placement of the sample volume to obtain VTILVOT after TAVI is less well
established. Moreover, for transcatheter self-expanding valves, there is no consensus about the optimal site for
LVOT measurement on transthoracic echocardiography (TTE). With regard for where to measure the LVOT
diameter (LVOTd), initial studies of the self-expanding valve suggested that the LVOTd should be measured just
below the hinge points of the visible prosthetic lea�ets [5]. However, recent trials have used the ventricular edge of
the transcatheter heart valve (THV) [1,6], in other words, in the entry of the stent. A comparison and validation of
previously described methods for calculating the EOA for the self-expanding THV is lacking.

The objective of this study was to compare the methods used in previous studies to measure the EOA of the self-
expanding THV following TAVI and validate an optimal method using transthoracic 2D echocardiography and
Doppler assessment.
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Materials And Methods
A total of 121 consecutive patients were included in this study. All patients were diagnosed with symptomatic
severe aortic stenosis who underwent TAVR with Venusmedtech-VenusA valve (Figure 1) (Venusmedtech,
Hangzhou, China) at Fuwai Hospital. All patients were in outpatient follow-up at our center. TTE data were
collected before the procedure and 12 months after the procedure. Exclusion criteria included valve-in-valve TAVR
(N=3), patients who could not complete 12 months follow-up for various reasons(N=5): 2 patients died for all
causes and 3 patients could not complete follow-up at our center. Finally, in total, 113 patients were included in
this study. The local institutional review board approved the study, and written informed consent was obtained
from all participants.

The THV was implanted based on CT measurements of the aortic valve annulus. Venusmedtech-VenusA valves
with a diameter of 23 mm, 26 mm, 29 mm and 32 mm were used for annulus sizes ranging from 17 to 20 mm, 20
to 23 mm, 23 to 26 mm and 26 to 29 mm, respectively. All clinical, echocardiographic, pre-procedural, and post-
procedural data were prospectively collected.

Two-dimensional and Doppler Echocardiography

TTE was performed using a commercially available system (E9 ultrasound system, GE Healthcare, Horten,
Norway). Standard two-dimensional and Doppler echocardiographic images were acquired using a phased-array
transducer in the parasternal and apical views and stored digitally for o�ine analysis using EchoPAC software
version BT 113 (GE Healthcare, Horten, Norway). Each echocardiographic measurement was averaged from three
consecutive cardiac cycles for patients in sinus rhythm and from �ve consecutive cycles in patients with atrial
�brillation. All measurements were performed according to the recommendations of the American Society of
Echocardiography [7].

Continuity Equation for aortic valve effective ori�ce

The EOA for THV was calculated according to the continuity equation as (LVOTd)2×0.785 × (VTILVOT/ VTITHV) [7].
The indexed EOA (EOAI) was calculated as EOA/body surface area (BSA).

LVOTd was measured from a zoomed parasternal long-axis acquisition. Two methods were constructed (Figure
2). In Method #1, LVOTd1 was measured at the entry of the prosthesis stent and from the trailing to the leading
edge of the stent, whereas in Method #2, LVOTd2 was measured proximal to the prosthetic valve lea�ets (0.5 to
1.0 cm below the aortic valve annulus) and from the trailing to leading edge.

VTITHV was mainly measured by CW from apical windows or occasionally from other acoustic windows (e.g., the
right parasternal or suprasternal) to obtain the highest VTITHV. VTILVOT was recorded by PW from apical windows.
The region of the PW sampling should match that of the LVOTd measurement with precise localization.

Due to the LVOT’s elliptical geometry, the LVOTd was measured in the 5-chamber view again (the parasternal long
axis view and 5-chamber view are two planes lying perpendicular to each other). The minimal diameter and
maximal diameter were de�ned as the shorter LVOTd and the longer LVOTd, respectively. The circularity of the
basal plane was expressed as the eccentricity index (EI =1- (minimal diameter / maximal diameter)) [8].

Intra-observer and interobserver measurement variability
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Twenty-six patients were randomly selected, and EOA measurements were repeated in these patients by 2
independent observers. Intra-observer and interobserver variability in the measurements were calculated.

Relationships between EOAIs and mean gradient (MG)

The relationships between the EOAIs and the MG were evaluated to validate the measurements of EOA obtained
by Method #1 and Method #2.

In low �ow-state conditions, the MG may be pseudo-normalized, and the EOA may be pseudo-severized, which
may alter the relationship between the EOAI and the MG [9]. Taking into account of the stroke volume (SV) could
be quantitated with either pulsed-wave Doppler at the LVOT site or with a volumetric approach. In our study, for
Method #1 and Method #2, the different LVOTd measurement got different SV. So, SV was measured with the
volumetric approach: LV end-diastolic volume minus end-systolic volume (evaluated via the biplane Simpson
method). It was indexed for BSA (SVi). Therefore, we grouped patients by SVi as follows: group 1 (N=57): SVi >35
ml/m2 and group 2 (N=56): SVi<35 ml/m2, and we performed a sub-analysis of the Doppler echocardiographic
data.

Depth of THV placement in LVOT was also studied. The depth of delivery was de�ned as the distance from the
native aortic annular margin on the side of the noncoronary cusp (leftward on the described projection) to—on the
corresponding side—the most proximal edge (deepest in the left ventricle) of the deployed stent-frame. This was
measured using 2D TTE.

Statistical analysis

Data are expressed as the mean with standard deviation or the number of patients (percentages), as appropriate.
The χ2 test was used with 2-tailed p values to compare categorical variables. The paired samples t test was used
to compare variables between different methods of EOA measurement. Correlations between variables were
determined using Pearson correlation methods. Relationships between EOAIs and MG were assessed with
multiple nonlinear regression models, and the equation providing the best �t was retained. The results for intra-
observer and interobserver variability between methods of measurement were assessed using the intraclass
correlation coe�cient (ICC) [10] and Bland-Altman [11] methods, respectively. All statistical analysis was
performed with IBM SPSS Statistics, version 20.0. software (SPSS Inc., Chicago, IL). p < 0.05 was considered
statistically signi�cant.

Results

Baseline characteristics of the 113 patients included in the study are presented in Table 1. All patients were followed up

at one year (355±13 days). A total of 33 patients (29.2%) received a 23-mm valve, 50 patients (44.2%) received a 26-mm

valve, and 30 patients (26.6%) received a 29-mm valve.

 

Table 1. Baseline clinical characteristics
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Age, years 77.2±5.5

Male 72 63.7

Body surface area, m2 1.73±0.19

NYHA function class  

II 25 (22.1)

III 65 (57.5)

IV 23 20.4

Left ventricular ejection fraction, % 53.8±12.7

Diabetes mellitus 38 33.6

Dyslipidaemia 75 66.4

Hypertension 77 68.1

Society of Thoracic Surgeons score, % 11.27±9.4

Cardiac history  

Coronary artery disease 53 46.9

Previous myocardial infarction 14 12.4

Prior coronary artery bypass surgery 5 4.4

Prior percutaneous coronary intervention 23 20.4

Prior atrial fibrillation/atrial flutter 11 9.7

Prior III Atrioventricular block 3 2.7

Prior sick sinus syndrome 1 (0.9)

Pre-existing pacemaker 7 6.2

Prior transient ischaemic attack 38 33.6

Values are shown as the mean ±SD or n (%); NYHA, New York Heart Association.

 

The results of follow-up echocardiography assessments after TAVI are presented in Table 2. EOA1 was significantly

larger than EOA2. LVOTd1 was larger than LVOTd2. The peak velocity at level 2 was significantly higher than the peak

velocity at level 1. The LVOT was less elliptical in the entry of the THV stent than proximal to the prosthetic valve leaflets

(Table 2).
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Table 2. Follow-up Doppler echocardiographic data in the entire cohort.

Variable Post-TAVI p value

Method #1 Method #2    

LVOTd, cm 1.84±0.21 1.64±0.18 <0.001

EOA, cm2 1.56±0.39 1.48±0.41 0.001  

EOAI, cm2/m2 0.93±0.23 0.88±0.24 0.001  

VTILVOT, cm 23.37±5.34 27.47±5.77 <0.001  

Velocity of LVOT, cm/s 118.56±26.52 140.34±24.51 <0.001  

EI 0.04±0.05 0.11±0.06 0.001  

                 

Values are shown as the mean ±SD; TAVI, transcatheter aortic valve implantation; EOA, effective orifice area; EOAI,

indexed EOA; LVOTd, left ventricular outflow tract diameter; VTI, velocity time integral; EI, eccentricity index.

 

Mean depth of THV in LVOT in the whole cohort was 11.62±3.78mm. 63(55.7%) patients had the ‘optimal’ placement of

the THV (5-10mm below the native non-coronary cusp). 50(44.3%) patients ‘suboptimal’ placement (48(42.5%) patients:

10mm; and 2(1.8%) patients 5 mm).

Normal flow–state condition and low flow-state condition (Table 3)

In the subgroups, LVOTd1, LVOTd2, VTILVOT, VTITHV, EOA1, EOAI1, MG and LVEDD were larger in group 1 than in

group 2.

 

Table 3. Follow-up Doppler echocardiographic data in the subgroups
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Variable Group1 (N=57) Group 2 (N=56) P value

Age, years 76.6±5.8 77.8±5.2 0.259

Male 37(65) 35(63.5) 0.899

Body surface area, m2 1.67±0.13 1.68±0.15 0.496

LVOTd of Pre-TAVI, mm 24.2±2.2 23.5±2.0 0.081

EOA of Pre-TAVI, cm2 0.61±0.16 0.63±0.19 0.652

THV size, mm 26.5±1.8 25.5±2.3 0.028

LVEF, % 64.9±9.1 64.0±10.5 0.663

LVEDD, mm 50.2±6.1 47.7±6.7 0.041

SVI, ml/ m2 43.34±7.24 27.97±4.78 0.001

LAD, mm 40.9±6.5 42.2±6.8 0.279

LVOTd1, cm 1.94±0.19 1.69±0.19 0.001

LVOTd2, cm 1.53±0.15 1.42±0.15 0.001

VTI of LVOT in level 1, cm 25.1±4.8 21.6±5.3 0.001

VTI of LVOT in level 2, cm 29.0±5.2 26.1±5.3 0.005

VTI of THV, cm 44.7±10.6 36.9±8.8 0.001

MG of THV, mmHg 9.9±4.5 8.9±4.1 0.026

EOA1, cm2 1.70±0.42 1.42±0.30 0.001

EOA2, cm2 1.54±0.44 1.43±0.38 0.164

EOAI1, cm2/m2 1.01±0.23 0.85±0.20 0.001

EOAI2, cm2/m2 0.92±0.24 0.85±0.23 0.138

IVS, mm 11.33±1.95 11.78±2.03 0.241

LVPW, mm 11.02±1.92 11.30±1.83 0.442

Depth of THV in LVOT, mm 11.70±3.72 11.49±3.92 0.786

EI1 0.05±0.05 0.04±0.04 0.953

EI2 0.11±0.06 0.11±0.06 0.295

Values are shown as the mean ±SD or n (%); THV, transcatheter heart valve; LVEF, left ventricular ejection fraction;

LVEDD, left ventricular end-diastolic diameter; IVS, interventricular septum; LVPW, left ventricular post wall; MG, mean

gradient; Other abbreviations as Tables 2.
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Intra-observer and interobserver variability

Intra-observer and interobserver agreement in EOA measurements derived using Method #1 and Method #2 are

expressed by intraclass correlation and summarized in Table 4.

A Bland-Altman plot comparing the values of EOA1 versus EOA2 is shown in Figure 3. Compared with EOA2, EOA1 had

lower interobserver and intra-observer variability.

 

Table 4. Interobserver and Intra-observer variability

Variable Intraclass correlation 95% CI

Intra-observer agreement    

Method #1 0.965 0.923-0.984

Method #2 0.953 0.898-0.979

Inter-observer agreement    

Method #1 0.884 0.742-0.948

Method #2 0.792 0.589-0.901

CI, confidence intervals.

 

Relationships between EOAIs and MG (Table 5)

In the whole cohort, MG correlated better with EOAI1 than with EOAI2 (Figure 4A and 4B). In group 1, which includes the

data obtained from patients with SVi>35 ml/m2, MG correlated better with EOAI1 than with EOAI2 (Figure 4C and 4D). In

group 2 (SVi<35 ml/m2), MG correlated better with EOAI1 than with EOAI2 (Figure 4E and 4F).

 

Table 5. Relationships between EOAIs and MG

  Whole cohort p value Group 1 p value Group 2 p value

EOAI1- MG 0.645 <0.001 0.701 <0.001 0.696 <0.001

EOAI2- MG 0.602 <0.001 0.645 <0.001 0.515 <0.001
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MG, mean gradient. Other abbreviations as Tables 2.

Discussion
To the best of our knowledge, this study is the �rst to validate the methods used for calculating the EOA of the
self-expanding THV by 2D and Doppler echocardiography. Our results con�rm that Method #1 was better than
Method #2; in other words, it is preferable to measure LVOTd in the entry of the stent and from the trailing to
leading edge, while the optimal site for placement of the sample volume to obtain VTILVOT was in the entry of the
stent.

As a functional determination of prosthesis size, in vivo EOA can vary widely, depending on a number of factors
related to the measurement technique used and the patient state. Variability can be introduced during the
measurement of LVOTd or VTILVOT [12.13]. The characteristics of a self-expanding THV [14] include remodelling
and outward expansion of the self-expanding valve with the nitinol frame [6]. Follow-up data obtained using TTE
at 12 months after TAVI were selected to reduce the in�uence of the time factor.

For a self-expanding valve, there is no consensus regarding the optimal site for measuring LVOTd on TTE. In the
2009 American Society of Echocardiography guidelines for echocardiographic assessment of prosthetic valve
function, it is recommended that LVOTd should be measured just beneath the prosthesis sewing ring [15].
However, this method can serve as a general rule for all types of prosthetic aortic values. In the 2019 American
Society of Echocardiography guidelines for the evaluation of valvular regurgitation after percutaneous valve
replacement, it is recommended that LVOTd should be measured using different method in different situations: 1.
when a self-expanding valve is placed low in the LV, particularly if the lower end of the stent is not in close
proximity to the anterior mitral lea�et and interventricular septum, LVOTd is to measure the inner edge-to-inner
edge diameter of the valve stent immediately proximal to the cusps; 2. when a self-expanding valve is placed just
beneath the aortic annulus, and the lower end of the stent is close proximity to the anterior mitral lea�et and
interventricular septum, it is recommended that LVOTd should be measured using the outer edge-to-outer edge
diameter at the lower (ventricular) end of the valve stent for a self-expanding valve [16]. In Jilaihawi’s study [5],
depth of implantation was on average 10.5+3.4 mm, which was similar with our data. In our study, for most
patients (111, 98%), the depth of THV placement in LVOT were more than 5mm and the lower end of the stent is
not in close proximity to the anterior mitral lea�et and interventricular septum. Hence, in our study, LVOTd was
measured from the trailing to leading edge (inner edge-to-inner edge diameter of the valve stent).

For transcatheter balloon expandable valves, Marie-Annick Clavel et al. recommended measuring LVOTd
immediately proximal to the stent [17]. Compared Marie-Annick Clavel’s Method #2 with our Method #1, the �rst
difference is that a self-expanding valve was employed; and the second difference is that in Marie-Annick Clavel’s
Method #2 LVOTd was measured outside the stent and from outer-to-outer. For balloon expandable valves, the
depth of THV placement in LVOT was less than the self-expanding valve, and the lower end of the stent is close
proximity to the anterior mitral lea�et and interventricular septum. Previous studies of the self-expanding valve
suggested that LVOTd should be taken just below the hinge points of the visible prosthetic lea�ets, measuring the
inner-to-inner stent [5], which was similar to our Method #2.

In our study, two methods were constructed: Method #1: LVOTd and VTILVOT were measured in the entry of the
prosthesis stent, and Method #2: LVOTd and VTILVOT were measured proximal to the visible prosthetic lea�ets. For
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the methods in which we calculated the LVOTd of the self-expanding THV using the outer edge to outer edge
diameter, the confused borders of the stent may have contributed to the variance observed in the measurement of
LVOTd, which represents an external dimension of the prosthesis and not its internal ori�ce. Especially for
patients with poor image quality. Therefore, we did not validate the methods used to calculate the LVOTd using
the outer-to-outer edge. The correlation between EOAI and MG has been previously reported to be highly predictive
of adverse outcomes [12]. Our study shows that MG correlated better with EOAI1 than EOAI2 in the whole cohort

and in the both subgroups (with SVI>35ml/m2 and SVI<35ml/m2). Intra-observer and interobserver variability
were lower for Method#1 than Method# 2. These results suggest that Method #1 provides a more accurate and
reliable estimate of EOA for transcatheter self-expanding valves. Possible reasons for the higher variability
observed when using Method #2 include the following: �rst, it was di�cult to precisely identify the base of the
prosthetic cusps due to acoustic shadowing created by the prosthesis stent and the calci�cation of the native
aortic valve and annulus. Second, the shape of the LVOT is more elliptical at this level. Third, there is signi�cant
�ow acceleration within the stent proximal to the prosthetic lea�ets.

In view of the special structure of transcatheter self-expanding valves, they have a longer left-ventricular stent.
Although the THV is designed for circular deployment, the THV device landing zone often has a non-circular
shape, and the LVOT’s geometry is more circular at the entry of the prosthesis stent than at the level proximal to
the prosthetic valve lea�ets [18]. In our study, the EI of the LVOT was smaller in the entry of the prosthesis stent
than at the level proximal to the prosthetic valve lea�ets. The more elliptical shape of the LVOT may result in
signi�cant underestimations of true cross-sectional areas. Second, there was signi�cant �ow acceleration at the
level within the stent that was proximal to the prosthetic lea�ets (left ventricular side) [19]. In our study, the peak
velocity of the LVOT when calculated proximal to the lea�ets was signi�cantly higher than the velocity measured
in the entry of the stent, resulting in an overestimated EOA. The �ow acceleration proximal to the lea�ets is
mostly related to the elliptical shape of the LVOT and the turbulent �ow at this level [20]. In both Marie-Annick
Clavel’s method #2 and our Method #1, the �ow acceleration within the stent proximal to the prosthetic lea�ets
was avoided. However, in some studies, �ow acceleration is ignored, resulting in a larger EOA (1.7±0.5 cm2; e.g., in
Jilaihawi’s study [5]). When we compared our Method #1 and Method #2, although VTILVOT was higher when
using Method #2 (because of the �ow acceleration proximal to the cusps), the geometry of the LVOT was more
elliptical at this level, resulting in a smaller EOA2.

Limitations
The most obvious limitation of our study was the absence of an accepted gold standard for EOA measurement.
Because a transcatheter self-expanding valve was employed in this study, the results of this study may not be
applicable to transcatheter balloon expandable valves. With regard for the eccentricity index, the LVOTd was
measured in a 5-chamber view or parasternal long axis view, and the minimal diameter and maximal diameter
may therefore not be accurate. No 3D imaging was used. Our study was a single-centre study that included a
relatively small number of patients. Further studies that include a larger number of patients and longer follow-up
are needed to establish the normal reference values of the valve hemodynamic parameters of transcatheter
valves and determine whether their hemodynamic performance is maintained in the long term.

Conclusions
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For transcatheter self-expanding valves, measuring LVOTd at the entry and from the trailing to leading edge of the
stent is likely more appropriate than other methods for the estimation of EOA by transthoracic Doppler
echocardiography. Moreover, the pulsed-wave Doppler sample should be located in the entry of the stent and on
the same horizontal line used to measure the LVOTd.
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Figure 1

The VenusA Transcatheter Artery Valve produced by VenusMedtech is a self-expanding valve device that has
been approved by the China Food and Drug Administration (registration No:20173460680) and o�cially listed in
China.
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Figure 2

Measurement of left ventricular out�ow tract diameter (LVOT). Zoomed LVOT in parasternal long-axis view. (A)
Schematic drawing of LVOT diameter measurements obtained using Method# 1 and Method #2. (B) LVOT
diameter measurement by 2D echocardiography. In Method #1, LVOT was measured at the entry of the prosthesis
stent from the trailing to leading edge of the stent (inner to inner edge, red arrow). In Method #2, measurements
were obtained proximal to the prosthetic valve lea�ets (0.5 to 1.0 cm below the aortic valve annulus) from the
trailing to leading edge (inner to inner edge, green arrow). LV, left ventricle; RV, right ventricle; AO, ascending aorta;
THV, transcatheter heart valve; IVS, interventricular septum.
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Figure 3

This �gure shows a Bland-Altman plot comparing the interobserver and intra-observer variability in
measurements obtained in the prosthetic self-expanding valve effective ori�ce area (EOA) when using different
methods. Method #1 versus Method #2: interobserver (A) and intra-observer (B) variability; EOA1 (blue dots);
EOA2 (green dots).
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Figure 4

This �gure shows the correlation between the mean transvalvular pressure gradient (MG) and the indexed
effective ori�ce area (EOAI). A: EOAI1 and MG in the Whole Cohort; B: EOAI2 and MG in the Whole Cohort; C:
EOAI1 and MG in Group 1; D: EOAI2 and MG in Group 1; E: EOAI1 and MG in Group 2; F: EOAI2 and MG in Group 2.


