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ABSTRACT

Aim
The aim of this study was to estimate geometric errors made by the two-dimensional 
(2D) transthoracic echocardiographic (TTE) pulsed-wave Doppler flow (PWDF) method 
in calculating regurgitant volume (RVol) and effective regurgitant orifice area (EROA) in 
degenerative mitral regurgitation (MR) by comparison with the three-dimensional (3D) 
transesophageal echocardiographic (TEE) PWDF method.

Methods
RVol and EROA were calculated in 22 patients with degenerative MR using the conventional 
2D TTE PWDF method on the basis of monoplanar dimensions and a circular geometric 
assumption of the crosssectional areas (CSAs) of the mitral annulus (MA) and the left 
ventricular outflow tract (LVOT) and the 3D TEE PWDF method, in which the CSAs of the 
MA and LVOT were measured directly in ‘‘en face’’ views. Diameters of the MA and LVOT 
were also measured in similar views as with TTE imaging in 3D TEE data sets.

Results
Both the MA and LVOT were oval. Mean MA diameters were 41 ± 4 mm (3D TEE major 
axis), 31 ± 4 mm (3D TEE minor axis), 39 ± 5 mm (2D TTE imaging), and 38 ± 5 mm (2D 
TEE imaging). Mean LVOT diameters were 29 ± 4 mm (3D TEE major axis), 21 ± 2 mm 
(3D TEE minor axis), 22 ± 2 mm (2D TTE imaging), and 23 ± 2 mm (2D TEE imaging). 
Compared with 3D TEE measurements, mitral annular CSA was overestimated by 13 ± 
12% on 2D TTE imaging and by 7 ± 14% on 2D TEE imaging, while LVOT CSA was 
underestimated by 23 ± 10% and 17 ± 10%, respectively. Mean values of RVol were 95 ± 
43 mL (3D TEE PWDF), 137 ± 56 mL (2D TTE PWDF), 120 ± 45 mL (2D TEE PWDF), 
and 111 ± 49 mL (flow convergence). Mean EROAs were 69 ± 34 mm2 (3D TEE PWDF), 
98 ± 45 mm2 (2D TTE PWDF), 88 ± 42 mm2 (2D TEE PWDF), and 79 ± 36 mm2 (flow 
convergence). Observer variability for 3D TEE imaging was better than for 2D imaging.

Conclusion
The 2D TTE PWDF method overestimates mitral RVol and EROA significantly because 
monoplanar 2D measurements represent mitral annular major-axis diameter and LVOT 
minor-axis diameter, and assumed circular CSAs of the MA and LVOT are oval. 
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INTRODUCTION

Quantification of mitral regurgitation (MR) is essential to determine the severity of MR and 
clinical outcomes 1,2 .The two most used quantitative parameters are regurgitant volume 
(RVol) and effective regurgitant orifice area (EROA), which may be calculated by the flow 
convergence method and the pulsed-wave Doppler flow (PWDF) method as previously 
recommended 1,3. However, both of these methods suffer from geometric limitations of 
two-dimensional (2D) echocardiography. The flow convergence method potentially under-
estimates RVol and EROA in functional MR, because the shape of the flow convergence 
zone may be elliptic instead of hemispheric in this situation 4-11. In the PWDF method, 
important geometric errors are made in calculating the cross-sectional areas (CSAs) of the 
mitral annulus (MA) and left ventricular outflow tract (LVOT), because of the monopla-
nar measurements and geometric assumption 12. In this study, we sought to ascertain the 
geometric errors made by the traditional 2D transthoracic echocardiographic (TTE) PWDF 
method in calculating RVol and EROA in patients with degenerative MR, by comparison 
with the three-dimensional (3D) transesophageal echocardiographic (TEE) PWDF method. 
Using the latter method, the CSAs of the MA and LVOT were measured directly in state-
of-the-art ‘‘en face’’ views on 3D TEE imaging.

METHODS

Study Population
From November 2009 to September 2011, we prospectively enrolled 96 consecutive patients 
referred to our center for potential mitral valve (MV) repair who had undergone baseline 
TTE and TEE examinations. In the present study, we included patients with (1) degenera-
tive MR according to preoperative TTE findings, (2) P2 scallop prolapse confirmed by both 
3D TEE examination and surgery, and (3) good 3D image quality, with complete regions 
of interest and without stitching artifacts. The exclusion criteria were (1) MR due to other 
etiologies or mechanisms (e.g., endocarditis, functional MR; n = 39), (2)

prolapse of other scallops (n = 19), (3) a severely calcified MA (n = 11), (4) more 
than trivial aortic valve regurgitation (n = 3), and (5) poor general image quality (n = 2). 
Eventually, 22 patients (12 men; mean age, 64 ± 10 years) were included in the study. 
The protocols were approved by the institutional review board, and informed consent was 
obtained from all patients.

PWDF Method
2D TTE Measurements. Two-dimensional TTE imaging was performed using the iE33 
ultrasound system (Philips Medical Systems, Best, The Netherlands) with the S5-1 trans-
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ducer. The pulsed-wave Doppler sample was carefully placed as parallel as possible (angle 
< 200) to the blood flow in the apical four-chamber and three- chamber views to obtain 
the Doppler spectral profiles of the MA and LVOT 13. The mitral annular diameter was 
measured between the inner edges of the base of posterior and anterior leaflets in early to 
mid diastole at maximal MV opening in the apical four-chamber view; the LVOT diameter 
was measured just below the aortic valve in early to mid systole in the parasternal long-axis 
view 3,13. Both diameters were measured at the level at which the volume sample had been 
placed. The modal velocity profile on Doppler recordings was traced to obtain the velocity-
time integral (VTI) (Figure 1). The regurgitant VTI was averaged from measurements in 
the apical four-chamber and three-chamber views. All measurements were averaged over 
three cardiac cycles.

3D TEE Measurements. Three-dimensional TEE imaging was performed using the iE33 
ultrasound system with the X7-2t matrix-array transducer. Electrocardiographically gated 
full-volume data sets (built from seven subvolumes) were acquired at the midesophageal 
level during breath-hold with the ultrasound focus on the MV in the four-chamber view 
and on the LVOT in the long-axis view. Care was taken to include the complete mitral 
annular and LVOT circumferences throughout the acquisition. Each full-volume data set 

The results were analyzed by the relative difference (expressed as the
absolute difference divided by the mean) and Bland-Altman method.

RESULTS

Baseline Characteristics of the Patient Population in the
Echocardiographic Studies

All patients included underwent MV repair. The baseline TTE exam-
ination was performed to ascertain the severity of MR, and the TEE
examination performed on the same day was performed to deter-
mine the exact mechanism of MR and guide the selection of the

cardiac surgeon. However, the preoperative TEE examination was
declined or unsuccessful in eight patients, and in one patient, image
quality was inferior because of poor general image quality and 3D
stitching artifacts. For these nine patients, intraoperative TEE imaging
under general anesthesia was chosen as the baseline TEE study. The
intraoperative TEE examination was performed within 24 hours of
the baseline TTE examination in three patients and 6 to 35 days after
the baseline TTE examination in six patients. Of the 13 patients who
underwent both baseline TTE and TEE imaging in the outpatient
clinic, nine also underwent intraoperative TEE imaging. The time
period between the preoperative TEE study and the intraoperative
TEE study was 1 to 32 days. Although the hemodynamic

Figure 1 Measurements of the 2DTTEPWDFmethod. (A) The diameter of theMAwasmeasured between the inner edges of the base
of the posterior and anterior leaflets in early to mid diastole at the maximal opening of the MV (two to three frames after the MV
opened) in the apical four-chamber view. (B) The diameter of the LVOT was measured just below the aortic valve in early to mid
systole in the parasternal long-axis view. (C)Mitral annular inflow pulsed-wave Doppler was traced to obtain the VTI of mitral inflow.
(D) LVOT pulsed-wave Doppler was traced to obtain the VTI of ventricular outflow.

Figure 2 Measurements of the 3D and 2D TEE PWDF methods. The 3D TEE data sets were displayed as three orthogonal images of
theMA (A) and LVOT (B), and the visualization of the entire structures was optimized by adjusting the reference planes (the green, red,
and blue planes). The blue planes showed the en face views of theMA and LVOT, in which the inner border of the CSAs of the MA and
LVOT were traced manually and the CSAs and major andminor diameters were measured directly. The green plane (A)was adjusted
to the four-chamber view and the mitral annular diameter was measured; the green plane (B) was adjusted to the long-axis view and
the LVOT diameter was measured. All measurements were performed at the level at which the sample volume of pulsed-wave Dopp-
ler had been placed in the 2D TTE examinations.
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Figure 1. 
Measurements of the 2D TTE PWDF method. (A) The diameter of the MA was measured between the inner 
edges of the base of the posterior and anterior leaflets in early to mid diastole at the maximal opening of the 
MV (two to three frames after the MV opened) in the apical four-chamber view. (B) The diameter of the LVOT 
was measured just below the aortic valve in early to mid systole in the parasternal long-axis view. (C) Mitral 
annular inflow pulsed-wave Doppler was traced to obtain the VTI of mitral inflow. (D) LVOT pulsed-wave 
Doppler was traced to obtain the VTI of ventricular outflow.
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was digitally stored and exported to QLAB 8.0 3DQ software (Philips Medical Systems) 
for offline analysis. The en face views of the MA and LVOT were revealed at time points 
during the cardiac cycle similar as for the 2D TTE measurements and adjusted to the level 
at which the pulsed-wave Doppler volume sample had been placed in the 2D TTE examina-
tions. Subsequently, the inner border of the cross-sectional planes of the MA and LVOT as 
well as the major-axis and minor-axis diameters were measured (Figure 2).

2D TEE Measurements. By adjusting the orthogonal multiplanar reconstruction views 
of the 3D TEE data sets, the diameter of the MA was measured in the four-chamber view 
in early to mid diastole at the maximal opening of the MV, and that of the LVOT was 
measured in early systole in the long-axis view (Figure 2). Both diameters were measured 
at the level at which the volume sample had been placed. Using the same VTIMR, VTIMA, 
and VTILVOT values obtained during the 2D TTE examinations, the 2D TTE, 3D TEE, and 
2D TEE measurements of the diameters or CSAs were used in the following formulas to 
calculate the RVol and EROA:

RVol = SVMA - SVLVOT = πr2
MA x VTIMA - πr2

LVOT x VTILVOT;
and

EROA = RVol/VTIMR;

where r is the radius and SV is the stroke volume.

The results were analyzed by the relative difference (expressed as the
absolute difference divided by the mean) and Bland-Altman method.

RESULTS

Baseline Characteristics of the Patient Population in the
Echocardiographic Studies

All patients included underwent MV repair. The baseline TTE exam-
ination was performed to ascertain the severity of MR, and the TEE
examination performed on the same day was performed to deter-
mine the exact mechanism of MR and guide the selection of the

cardiac surgeon. However, the preoperative TEE examination was
declined or unsuccessful in eight patients, and in one patient, image
quality was inferior because of poor general image quality and 3D
stitching artifacts. For these nine patients, intraoperative TEE imaging
under general anesthesia was chosen as the baseline TEE study. The
intraoperative TEE examination was performed within 24 hours of
the baseline TTE examination in three patients and 6 to 35 days after
the baseline TTE examination in six patients. Of the 13 patients who
underwent both baseline TTE and TEE imaging in the outpatient
clinic, nine also underwent intraoperative TEE imaging. The time
period between the preoperative TEE study and the intraoperative
TEE study was 1 to 32 days. Although the hemodynamic

Figure 1 Measurements of the 2DTTEPWDFmethod. (A) The diameter of theMAwasmeasured between the inner edges of the base
of the posterior and anterior leaflets in early to mid diastole at the maximal opening of the MV (two to three frames after the MV
opened) in the apical four-chamber view. (B) The diameter of the LVOT was measured just below the aortic valve in early to mid
systole in the parasternal long-axis view. (C)Mitral annular inflow pulsed-wave Doppler was traced to obtain the VTI of mitral inflow.
(D) LVOT pulsed-wave Doppler was traced to obtain the VTI of ventricular outflow.

Figure 2 Measurements of the 3D and 2D TEE PWDF methods. The 3D TEE data sets were displayed as three orthogonal images of
theMA (A) and LVOT (B), and the visualization of the entire structures was optimized by adjusting the reference planes (the green, red,
and blue planes). The blue planes showed the en face views of theMA and LVOT, in which the inner border of the CSAs of the MA and
LVOT were traced manually and the CSAs and major andminor diameters were measured directly. The green plane (A)was adjusted
to the four-chamber view and the mitral annular diameter was measured; the green plane (B) was adjusted to the long-axis view and
the LVOT diameter was measured. All measurements were performed at the level at which the sample volume of pulsed-wave Dopp-
ler had been placed in the 2D TTE examinations.
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Figure 2. 
Measurements of the 3D and 2D TEE PWDF methods. The 3D TEE data sets were displayed as three orthogo-
nal images of the MA (A) and LVOT (B), and the visualization of the entire structures was optimized by adjust-
ing the reference planes (the green, red, and blue planes). The blue planes showed the en face views of the MA 
and LVOT, in which the inner border of the CSAs of the MA and LVOT were traced manually and the CSAs 
and major and minor diameters were measured directly. The green plane (A) was adjusted to the four-chamber 
view and the mitral annular diameter was measured; the green plane (B) was adjusted to the long-axis view and 
the LVOT diameter was measured. All measurements were performed at the level at which the sample volume 
of pulsed-wave Doppler had been placed in the 2D TTE examinations.
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Flow Convergence Method
The flow convergence of MR was shown in a zoomed view of color flow Doppler aliasing 
at the Nyquist velocity limit (30–40 cm/sec) in the apical four-chamber and three-chamber 
views. The selected cine loop was reviewed stepwise, and a clearly defined mid to late 
systolic maximal flow convergence zone was measured from the zenith to the regurgitant 
orifice. The averaged values measured in both views were used to calculate the RVol and 
EROA using the following formulas:

EROA = 2πr2 x Va/PkVRegurg

and
RVol = EROA x VTIMR;

where r is the radius of the flow convergence, Va is the aliasing velocity, and PkVRegurg is the 
peak velocity of MR.

Vena Contracta Width
The vena contracta width of the MR jet was measured at the narrowest portion of the 
regurgitant jet in zoom mode with an adapted Nyquist limit (59.3 cm/sec) and averaged 
from the measurements in the four-chamber and three-chamber views.

Statistical analysis
All values are expressed as median (range) or as mean ± SD. One- factorial repeated-
measures analysis of variance or Friedman’s analysis of variance was used to compare 
the diameters, CSAs, SVs, RVols, and EROAs calculated using the different methods. 
When differences were found, any two methods were compared using the paired t test or 
Wilcoxon’s signed-rank test with Bonferroni’s correction. Linear regression analysis was 
used to assess the correlation of variables of interest. Agreement between methods was 
assessed using Bland- Altman method, in which differences were plotted against the means 
of measurements. Interobserver and intraobserver variabilities were tested by analyzing 2D 
and 3D images by two blinded observers (B.R., L.G.L.) and by the same observer (B.R.) at 
two difference times. The results were analyzed by the relative difference (expressed as the 
absolute difference divided by the mean) and Bland-Altman method.
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RESULTS

Baseline Characteristics of the Patient Population in the 
Echocardiographic Studies
All patients included underwent MV repair. The baseline TTE examination was performed 
to ascertain the severity of MR, and the TEE examination performed on the same day 
was performed to determine the exact mechanism of MR and guide the selection of the 
cardiac surgeon. However, the preoperative TEE examination was declined or unsuccessful 
in eight patients, and in one patient, image quality was inferior because of poor general 
image quality and 3D stitching artifacts. For these nine patients, intraoperative TEE imag-
ing under general anesthesia was chosen as the baseline TEE study. The intraoperative 
TEE examination was performed within 24 hours of the baseline TTE examination in three 
patients and 6 to 35 days after the baseline TTE examination in six patients. Of the 13 
patients who underwent both baseline TTE and TEE imaging in the outpatient clinic, nine 
also underwent intraoperative TEE imaging. The time period between the preoperative 
TEE study and the intraoperative TEE study was 1 to 32 days. Although the hemodynamic 
characteristics of these nine patients changed significantly, the shapes and sizes of the MA 
and LVOT remained relatively constant (Table 1).

Comparison of the 2D and 3D Dimensions and CSAs of the MA and LVOT
The frame rate of the 2D data sets and volume rate of the 3D data sets were not different 
(49 6 ± frames/sec vs 46 ± 8 volumes/sec). As shown in Table 2, the 2D TTE and 2D TEE 
diameters of the MA and LVOT were not significant different from each other. Both the 
MA and LVOT were oval in the 3D en face views, with a significant difference between the 
major-axis and minor-axis diameters (P < .001 for both). The major-axis/minor-axis diam-
eter ratio of the MA was 1.3 ± 0.2, and that of the LVOT was 1.4 ± 0.2. The 2D diameters 

Table 1. Comparisons of the patients’ hemodynamic characteristics and mitral annular and LVOT morpholo-
gies in the preoperative and intraoperative TEE examinations (n = 9)
Variable Preoperative TEE imaging Intraoperative TEE imaging

Heart rate (beats/min) 97 (71-123) 68 (48-99)

Bloodpressure (mmHg)
 Systolic
 Diastolic

140 (110-163)
80 (60-88)

105 (80-125)
50 (40-75)

MA
 Major-axis/minor-axis diameter ratio
 CSA (mm2)

1.3 (1.0-1.6)
1,058 (840-1,542)

1.4 (1.1-1.5)
1,105 (747-1,788)

LVOT
 Major-axis/minor-axis diameter ratio
 CSA (mm2)

1.4 (1.2-1.7)
497 (443-723)

1.4 (1.1-1.5)
548 (424-630)

Data are expressed as median (range)
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of the MA and LVOT were significantly different from both the major- axis and minor-axis 
diameters (P < .05 for all). The CSAs of the MA and LVOT calculated from 2D TTE and 
2D TEE diameters were similar. For the CSA of the MA, the 2D TTE measurements were 
significantly different from the 3D TEE direct measurement (P < .001) and overestimated 
the CSA by 13 ± 12%; although the 2D TEE measurements were not significantly different 
from the 3D TEE measurements, the CSA was still overestimated by 7 ± 14%. For the CSA 
of the LVOT, both 2D TTE and 2D TEE measurements were significantly different from 
the 3D TEE direct measurements (P < .001 for both), and the CSAs were underestimated 
by 23 ± 10% by the 2D TTE measurements and 17 ± 10% by the 2D TEE measurements.

Comparison of Mitral RVol and EROA by the 2D and 3D PWDF and Flow 
Convergence Methods
As a result of the differences in CSAs obtained by 2D and 3D measurements, the SV at the 
mitral annular level was overestimated by 13 ± 12% by the 2D TTE measurements and by 
7 ± 14% by the 2D TEE measurements, while the SV at the LVOT level was underestimated 
by 23 ± 10% by the 2D TTE measurements and by 17 ± 10% by the 2D TEE measurements. 
The RVol and EROA obtained by the 3D TEE PWDF method were significantly smaller 
than those calculated by the 2D PWDF methods (P < .001 for all; Table 3). Compared with 
the 3D TEE measurements, RVol and EROA were overestimated by 54 ± 39% by the 2D 
TTE PWDF method and by 39 ± 40% by the 2D TEE PWDF method.

Compared with the flow convergence method, the RVols obtained by the 3D PWDF 
methods correlated better with the RVols obtained using the flow convergence method than 
the 2D PWDF methods did (2D TTE PWDF vs flow convergence, r = 0.91; 2D TEE PWDF 
vs flow convergence, r = 0.72; 3D PWDF vs flow convergence, r = 0.94; Figure 3). Com-

Table 2. The diameters and CSAs of the MA and LVOT in degenerative MR obtained with the 2D and 3D 
measurements

Diameter (mm) CSA (mm2)
2D 

measurements
3D TEE

measurements
2D measurements

3D TEE 
measurements

Structure
TTE

imaging
TEE

imaging
Major

axis
Minor axis

TTE
imaging

TEE
imaging

MA 39 ± 5*,† 38 ± 5‡ 41 ± 4§ 31 ± 4 1,185 ± 304*,# 1,117 ± 254¶ 1,050 ± 247

LVOT 22 ± 2*,† 23 ± 2‡ 29 ± 4§ 21 ± 2 391 ± 73*,# 426 ± 80‡ 517 ± 110
*P = NS for 2D TTE versus 2D TEE measurements.
†P < .05 for 2D TTE versus 3D TEE measurements.
‡P < .001 for 2D TEE versus 3D TEE measurements.
§P < .001 for 3D TEE major versus minor axis measurements.
#P < .001 for 2D TTE versus 3D TEE measurements.
¶P = NS for 2D TEE versus 3D TEE measurements.
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parisons with the flow convergence method revealed that RVol was overestimated by 24 ± 
23% by the 2D TTE PWDF method (137 ± 56 vs 111 ± 49 mL, P < .001) and by 14 ± 40% 
by the 2D TEE PWDF method (120 ± 45 vs 111 ± 49 mL) but underestimated by 17 ± 17% 
by the 3D TEE PWDF method (95 ± 43 vs 111 ± 49 mL, P < .05). A very similar pattern 
was found for EROA. Here too, the EROAs obtained by the 3D PWDF method correlated 
better with those obtained using the flow convergence method than the 2D PWDF methods 
did (2D TTE PWDF vs flow convergence, r = 0.92; 2D TEE PWDF vs flow convergence, 
r = 0.76; 3D PWDF vs flow convergence, r = 0.95; Figure 3). The magnitude of the over-
estimation and underestimation by comparison with the flow convergence method was the 
same as for RVol: the EROA was overestimated by 24 ± 23% by the 2D TTE PWDF method 
(98 ± 45 vs 79 ± 36 mm2, P < .001) and by 14 ± 40% by the 2D TEE PWDF method (88 ± 
42 vs 79 ± 36 mm2) but underestimated by 17 ± 17% by the 3D PWDF method (69 ± 34 vs 
79 ± 36 mm2, P < .05).

Bland-Altman analysis plots for agreement of the RVol and EROA between the PWDF 
methods and flow convergence method are also depicted in Figure 3. For RVol, the bias ± 2 
standard deviations was 26 ± 48 mL (2D TTE PWDF vs flow convergence), 9 ± 71 mL (2D 
TEE PWDF vs flow convergence), and 16 ± 34 mL (3D TEE PWDF vs flow

convergence). For EROA, the bias ± 2 standard deviations was 20 ± 38 mm2 (2D TTE 
PWDF vs flow convergence), 9 ± 56 mm2 (2D TEE PWDF vs flow convergence), and 10 
± 23 mm2 (3D TEE PWDF vs flow convergence). There was smaller bias and tighter limits 
of agreement between the 3D TEE PWDF and flow convergence methods than between the 
2D PWDF and flow convergence methods.

Table 3. SVs at the level of the MA and LVOT and mitral RVol and EROA obtained by the flow convergence 
and 2D and 3D PWDF methods

Variable
Flow convergence 

method
PWDF method

2D TTE imaging 2D TEE imaging 3D TEE imaging

SV (mL)
 MA
 LVOT

-
-

198 ± 55*,†

61 ± 21*,†
186 ± 44‡

66 ± 20§
175 ± 42
80 ± 23

RVol (mL) 111 ± 49 137 ± 56†,ᶲ,¶ 120 ± 45§,# 95 ± 43**

EROA (mm2) 79 ± 36 98 ± 45*,†,¶ 880 ± 42§,# 69 ± 34**

*P = NS for 2D TTE versus 2D TEE PWDF method.
†P < .001 for 2D TTE versus 3D TEE PWDF method.
‡P = NS for 2D TEE versus 3D TEE PWDF method.
§P < .001 for 2D TEE versus 3D TEE PWDF method.
ᶲP < .05 for 2D TTE versus 2D TEE PWDF method.
¶P < .001 for 2D TTE PWDF versus flow convergence method.
#P = NS for 2D TEE PWDF versus flow convergence method.
**P < .05 for 3D TEE PWDF versus flow convergence method.
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Categorizations of MR Severity according to Different Methods
The MR severity of the patients included was categorized according to the RVol and EROA 
calculated by the 2D TTE, 2D TEE, 3D TEE PWDF, and flow convergence methods and 
vena contracta width on the basis of the American Society of Echocardiography’s recom-
mendations for evaluation of the severity of native valvular regurgitation using 2D and 

TEE PWDF method were smaller than those obtained by the flow
convergence method. The probable reason is that the flow
convergence method overestimates the true RVol and EROA, as it
estimates regurgitant flow from the ‘‘maximal’’ flow rate and thus
overestimates the mean flow rate, especially in the situation of
a dynamic orifice area change during systole seen in degenerative
MR.23,24 In our study, the flow convergence was measured in late
systole in six cases because of the late systolic enhancement of MR

due to prolapsed leaflets (Figure 5A). This overestimates the mean
EROA because the timing of the flow convergence measurement
and the peak velocity of the regurgitation is not synchronized.
Additionally, the density of the continuous-wave Doppler profile of
MR in these cases was faint in early systole and became denser in
late systole (Figure 5B), probably causing overestimation of the VTI
of MR and thus further overestimation of RVol. Other physiologic
and technical factors can also substantially influence flow

Figure 3 Linear regression andBland-Altman analysis comparing themitral RVol and EROA by the 2D TTE (left column), 2D TEE (mid-
dle column), and 3D TEE (right column) PWDF methods, with respective values by the flow convergence method.

266 Ren et al Journal of the American Society of Echocardiography
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Figure 3. 
Linear regression and Bland-Altman analysis comparing the mitral RVol and EROA by the 2D TTE (left col-
umn), 2D TEE (mid- dle column), and 3D TEE (right column) PWDF methods, with respective values by the 
flow convergence method.
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Doppler echocardiography 1. The severity of MR was different in five patients (Table 4) and 
the same for the other 17 patients.

Intraobserver and Interobserver Variabilites of 2D and 3D Measurements
For all measurements, intraobserver and interobserver variabilities of the 3D TEE PWDF 
method was better in terms of the relative difference and limits of agreement (Table 5).

Table 4. Categorization of MR severity in patients with discrepancies in MR severity using different methods 
(n = 5)

Patient 2D TTE 
PWDF

2D TEE 
PWDF

3D TEE PWDF Flow convergence Vena contracta

1 Severe Severe Moderate Severe Moderate

2 Severe Severe Moderate to severe Moderate to severe Moderate

3 Severe Severe Moderate to severe Severe Severe

4 Severe Severe Moderate to severe Moderate to severe Moderate

5 Severe Severe Moderate to severe Severe Severe

Table 5. Intraobserver and interobserver variabilities of the 2D and 3D PWDF methods in measurements of the 
diameters and CSAs of the MA and LVOT and mitral RVol and EROA

Variable
Intraobserver variability Interobserver variability

2D TTE
imaging

2D TEE
imaging

3D TEE
imaging

2D TTE
imaging

2D TEE
imaging

3D TEE
imaging

Relative difference (%)

 Mitral annular diameter 6 ± 8 3 ± 2 - 13 ± 12 7 ± 8 -

 Mitral annular CSA 12 ± 16 6 ± 4 10 ± 9 21 ± 20 14 ± 16 16 ± 11

 LVOT diameter 6 ± 6 4 ± 3 - 8 ± 7 8 ± 6 -

 LVOT CSA 11 ± 11 8 ± 6 6 ± 4 16 ± 13 16 ± 12 15 ± 9

 RVol 24 ± 31 19 ± 18 22 ± 21 46 ± 61 27 ± 31 33 ± 26

 EROA 24 ± 31 19 ± 18 22 ± 21 46 ± 61 27 ± 31 33 ± 26

Bias ± limits of agreement

 Mitral annular diameter (mm) -1 ± 6 0 ± 3 - -3 ± 8 1 ± 7 -

 Mitral annular CSA (mm2) -21 ± 306 3 ± 174 -39 ± 271 -112 ± 325 55 ± 401 93 ± 228

 LVOT diameter (mm) -1 ± 3 0 ± 2 - -1 ± 4 1 ± 4 -	

LVOT CSA (mm2) -24 ± 106 7 ± 90 -13 ± 68 -37 ± 117 52 ± 122 -60 ± 114

RVol (mL) 1 ± 57 0 ± 30 -4 ± 49 -13 ± 91 12 ± 78 27 ± 73

EROA (mm2) 1 ± 43 1 ± 23 -1 ± 36 -11 ± 69 10 ± 57 18 ± 50

Relative difference = absolute difference/mean × 100%; bias = mean of differences; limits of agreement = 2 
standard deviations.
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DISCUSSION

The main finding of this study is that compared with the 3D TEE PWDF method, the 
traditional 2D TTE PWDF method overestimated mitral RVol and EROA significantly. 
The overestimates were caused by the oversimplified 2D measurements and the geometric 
assumption of the CSAs of the MA and LVOT, which led to the CSA and SV being overes-
timated at the mitral annular level and underestimated at the LVOT level.

Measurements of the CSAs of the MA and LVOT Using the PWDF Method
In the 2D TTE PWDF method, the preferred sites to calculate the SVs are the MA and 
LVOT, so precise measurements of the MA and LVOT dimensions are crucial. Convention-
ally, the mitral annular dimension is measured in the apical four-chamber view and the 
LVOT dimension in the parasternal long-axis view 1,3,13. These measurements have impor-
tant limitations and lead to errors in calculating CSAs, because variable and unpredictable 
monoplanar cross-sections are made and circular geometry of the orifices is assumed. In 
reality, the CSAs of both the MA and LVOT are oval, with the major and minor diameters 
14-18. In this study, the 2D mitral annular diameters approached the 3D major-axis diameters, 
and the 2D LVOT diameters were close to the 3D minor-axis diameters (Figure 4), which is 
consistent with previous findings 16-19. The monoplanar measurements and false geometric 
assumption are important sources of error in measuring the mitral annular and LVOT di-
mensions using the 2D PWDF method. The error is further magnified because the diameter 
(radius) values are squared in the geometric assumption formula. Due to the important 
geometric errors, the CSA of the MA and corresponding SV were overestimated by 13 ± 
12% and the CSA of the LVOT and corresponding SV were underestimated by 23 ± 10% by 
the 2D TTE measurements, compared with the 3D CSAs measured directly in the en face 
views of the MA and LVOT at the level at which the velocity profiles had been recorded.

quantification by this approach; they include the regurgitant orifice
motion, aliasing velocity, and ratio of the aliasing velocity to peak or-
ifice velocity.3,24

It is crucial to understand the etiology and mechanism of MR and
underlying principles and limitations of the flow convergence method
when using this method to quantify MR. The pitfalls of applying the
flow convergence method to the situations of a nonhemispheric
flow convergence zone and a dynamically changing regurgitant
orifice have been highlighted by extensive in vitro and clinical
studies.4-11,23,25 The major advantage of the PWDF method is the
volumetric measures, whereby SV at the mitral annular level is

measured in diastole and is thus not affected by the spatial or
temporal homogeneity of MR in systole.

Discrepancies in Grading the Severity of MR according to
Different Methods

In five patients, the categorization of MR severity was different
according to different quantitative methods; more specifically, it
was less severe according to the 3D TEE PWDF method. For patients
2 and 4 (Table 4), MR severity was probably overestimated by the 2D
TTE PWDF method, which was confirmed by the 3D TEE PWDF
method, flow convergence method, and vena contracta width. For
patients 1 and 3, there was a late systolic enhancement of MR, so
the severity was likely to be overestimated by the flow convergence
method and vena contracta width as well. In only one patient, patient
5, there were mismatches of MR severity according to different
methods. Because all five patients had been symptomatic, although
MR severity was ‘‘less than severe’’ according to the 3D TEE PWDF
method, clinical management was not changed, and all patients
underwent MV repair. There is no clinical evidence that the five
patients benefited less from MV repair.

Intraobserver and Interobserver Variabilities

The TEE PWDF methods were generally more reproducible than 2D
TTE PWDFmethod, mainly because of the better spatial resolution of

Table 5 Intraobserver and interobserver variabilities of the 2D and 3D PWDF methods in measurements of the diameters and
CSAs of the MA and LVOT and mitral RVol and EROA

Variable

Intraobserver variability Interobserver variability

2D TTE imaging 2D TEE imaging 3D TEE imaging 2D TTE imaging 2D TEE imaging 3D TEE imaging

Relative difference (%)

Mitral annular diameter 6 6 8 3 6 2 — 13 6 12 7 6 8 —

Mitral annular CSA 12 6 16 6 6 4 10 6 9 21 6 20 14 6 16 16 6 11

LVOT diameter 6 6 6 4 6 3 — 8 6 7 8 6 6 —

LVOT CSA 11 6 11 8 6 6 6 6 4 16 6 13 16 6 12 15 6 9

RVol 24 6 31 19 6 18 22 6 21 46 6 61 27 6 31 33 6 26

EROA 24 6 31 19 6 18 22 6 21 46 6 61 27 6 31 33 6 26
Bias 6 limits of agreement

Mitral annular diameter (mm) �1 6 6 0 6 3 — �3 6 8 1 6 7 —
Mitral annular CSA (mm2) �21 6 306 3 6 174 �39 6 271 �112 6 325 55 6 401 93 6 228

LVOT diameter (mm) �1 6 3 0 6 2 — �1 6 4 1 6 4 —
LVOT CSA (mm2) �24 6 106 7 6 90 �13 6 68 �37 6 117 52 6 122 �60 6 114

RVol (mL) 1 6 57 0 6 30 �4 6 49 �13 6 91 12 6 78 27 6 73
EROA (mm2) 1 6 43 1 6 23 �1 6 36 �11 6 69 10 6 57 18 6 50

Relative difference = absolute difference/mean � 100%; bias = mean of differences; limits of agreement = 2 standard deviations.

Table 4 Categorization of MR severity in patients with discrepancies in MR severity using different methods (n = 5)

Patient 2D TTE PWDF 2D TEE PWDF 3D TEE PWDF Flow convergence Vena contracta

1 Severe Severe Moderate Severe Moderate
2 Severe Severe Moderate to severe Moderate to severe Moderate

3 Severe Severe Moderate to severe Severe Severe
4 Severe Severe Moderate to severe Moderate to severe Moderate

5 Severe Severe Moderate to severe Severe Severe

Figure 4 Orientations of the traditional 2D echocardiographic
imaging planes of the MA (apical four-chamber view) and
LVOT (parasternal long-axis view).
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Figure 4. 
Orientations of the traditional 2D echocardiographic imaging planes of the MA (apical four-chamber view) and 
LVOT (parasternal long-axis view).
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The spatial resolution of the TEE images is better than that of the TTE images, thus 
allowing a clearer identification of anatomic landmarks (e.g., the hinge points of the mitral 
leaflets). The difference in CSAs between 2D TEE and 3D TEE measurements was smaller 
(2D TEE imaging overestimated mitral annular CSA by 7 ± 14% and underestimated LVOT 
CSA by 17 ± 10%). The errors, however, especially for the CSA of the LVOT, were still 
considerable. Moreover, the errors of both 2D TTE and TEE measurements in calculating 
the SVs were in different directions (i.e., overestimation at the mitral annular level and 
underestimation at the LVOT level), so the consequent impact in calculating RVol and 
EROA was even more significant, with an overestimate of 54 ± 39% by the 2D TTE PWDF 
method and 39 ± 40% by the 2D TEE PWDF method.

To measure the cardiac structures using the echocardiographic approaches, especially the 
CSAs of the MA and LVOT, we believe that 3D echocardiography improves the accuracy of 
measurements greatly because the structures of interest can be revealed in the en face views 
and measured directly without the geometric assumption used in the 2D echocardiographic 
method. Additionally, the transesophageal imaging approach contributes to improved accu-
racy because the cardiac structures (e.g., the MA) lie in the near field of the ultrasound field, 
resulting in better spatial resolution. We assume that the observer variability of 3D TTE 
measurements would be higher than those of 3D TEE measurements because of insufficient 
spatial resolution of the 3D TTE data sets.

The 2D and 3D PWDF Methods in Calculating Mitral RVol and EROA 
Compared with the Flow Convergence Method
The flow convergence method is one of the methods recommended for quantifying degen-
erative MR, because the isovelocity surface is usually hemispheric 10,20-22. The RVol and 
EROA calculated by the 3D TEE PWDF method had better correlations and agreement 
with the flow convergence method than the 2D PWDF methods did. The 2D PWDF meth-
ods overestimated the RVol and EROA compared with both the 3D TEE PWDF and flow 
convergence methods. Surprisingly, the RVol and EROA calculated by the 3D TEE PWDF 
method were smaller than those obtained by the flow convergence method. The probable 
reason is that the flow convergence method overestimates the true RVol and EROA, as it 
estimates regurgitant flow from the ‘‘maximal’’ flow rate and thus overestimates the mean 
flow rate, especially in the situation of a dynamic orifice area change during systole seen in 
degenerative MR 23,24. In our study, the flow convergence was measured in late systole in 
six cases because of the late systolic enhancement of MR due to prolapsed leaflets (Figure 
5A). This overestimates the mean EROA because the timing of the flow convergence 
measurement and the peak velocity of the regurgitation is not synchronized. Additionally, 
the density of the continuous-wave Doppler profile of MR in these cases was faint in early 
systole and became denser in late systole (Figure 5B), probably causing overestimation of 
the VTI of MR and thus further overestimation of RVol. Other physiologic and technical 
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factors can also substantially influence flow quantification by this approach; they include 
the regurgitant orifice motion, aliasing velocity, and ratio of the aliasing velocity to peak 
orifice velocity3,24. 

It is crucial to understand the etiology and mechanism of MR and underlying principles 
and limitations of the flow convergence method when using this method to quantify MR. 
The pitfalls of applying the flow convergence method to the situations of a nonhemispheric 
flow convergence zone and a dynamically changing regurgitant orifice have been high-
lighted by extensive in vitro and clinical studies4-11,23,25. The major advantage of the PWDF 
method is the volumetric measures, whereby SV at the mitral annular level is measured in 
diastole and is thus not affected by the spatial or temporal homogeneity of MR in systole.

TEE imaging. Additionally, when the 3D TEE PWDF method was
used, the relative differences and limits of agreement of the intraob-
server and interobserver measurements for RVol and EROA were
smaller than those in the 2D PWDFmethods. As expected, the major
cause of variability in PWDF methods was the measurements of the
CSAs of the MA and LVOT. For the 2D and 3D PWDF methods,
the variability resulted from the differences in choosing image frames
and locating sampling planes for measurements. Although the intra-
observer and interobserver variabilites of the 2D diameters of the
MA and LVOT was relatively small, corresponding variability of the
CSAs of the MA and LVOTwas significantly higher because the 2D
diameters (radii) are squared in the geometric assumption formula
for CSA.

Limitations

A true gold standard for calculating RVol and EROA was absent
in the present study. The flow convergence method was used as
the reference method, but underlying assumptions of this
method are not entirely valid in the situations of an eccentric
regurgitant jet and a dynamic regurgitant orifice change during
systole, as discussed previously. We believe that a nonecho-
cardiographic imaging modality (e.g., cardiac magnetic reso-

nance imaging) would be much more helpful in validating our
findings.

Mitral regurgitant jets due to prolapsed leaflets usually direct eccen-
trically, and the flow convergence method is less accurate. In this
study, most patients had isolated P2 scallop prolapse, and the flow
convergence zones were visually smooth and measurable.

The sample size in this study was relatively small because only pa-
tients who had optimal available echocardiographic assessments of
CSAs of the MA and LVOT by 3D TEE imaging were included.
Nevertheless, in all patients included, a consistent trend of overesti-
mating mitral RVol and EROA using the 2D TTE PWDF method
was obvious and therefore meaningful for clinical practice.

Because the MA and LVOT are dynamic structures, differences in
timing of the measurements may produce different values. In this
study, the 2D frame rate and 3D volume rate were comparable,
and the time points of measurements were set approximately equal
in the cardiac cycle. We assume that the acquisition depth during
3D TEE imaging, which was half that of the 2D acquisition, contrib-
uted most to the high volume rate of the 3D data sets.

Finally, in some cases, the Doppler sound beam was not perfectly
parallel to the blood flow. However, small deviations (<20�) in angle
produce mild (<10%) errors in velocity measurements, and these er-
rors may be acceptable for low-velocity flows.13

Figure 5 The ‘‘late systolic enhancement’’ of MR due to a prolapsed P2 scallop. (A)Color M-mode echocardiography shows that the
regurgitation increased progressively, with a maximum in late systole. (B) Continuous-wave Doppler echocardiography shows that
the density of the profile was faint in early systole and became denser in late systole.
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Figure 5.
The ‘‘late systolic enhancement’’ of MR due to a prolapsed P2 scallop. (A) Color M-mode echocardiography 
shows that the regurgitation increased progressively, with a maximum in late systole. (B) Continuous-wave 
Doppler echocardiography shows that the density of the profile was faint in early systole and became denser 
in late systole.

14 Erasmus Medical Center Rotterdam



Discrepancies in Grading the Severity of MR according to Different 
Methods
In five patients, the categorization of MR severity was different according to differ-
ent quantitative methods; more specifically, it was less severe according to the 3D TEE 
PWDF method. For patients 2 and 4 (Table 4), MR severity was probably overestimated 
by the 2D TTE PWDF method, which was confirmed by the 3D TEE PWDF method, 
flow convergence method, and vena contracta width. For patients 1 and 3, there was a late 
systolic enhancement of MR, so the severity was likely to be overestimated by the flow 
convergence method and vena contracta width as well. In only one patient, patient 5, there 
were mismatches of MR severity according to different methods. Because all five patients 
had been symptomatic, although MR severity was ‘‘less than severe’’ according to the 3D 
TEE PWDF method, clinical management was not changed, and all patients underwent MV 
repair. There is no clinical evidence that the five patients benefited less from MV repair.

Intraobserver and Interobserver Variabilities
The TEE PWDF methods were generally more reproducible than 2D TTE PWDF method, 
mainly because of the better spatial resolution of TEE imaging. Additionally, when the 3D 
TEE PWDF method was used, the relative differences and limits of agreement of the intrao-
bserver and interobserver measurements for RVol and EROA were smaller than those in the 
2D PWDF methods. As expected, the major cause of variability in PWDF methods was the 
measurements of the CSAs of the MA and LVOT. For the 2D and 3D PWDF methods, the 
variability resulted from the differences in choosing image frames and locating sampling 
planes for measurements. Although the intraobserver and interobserver variabilities of the 
2D diameters of the MA and LVOT was relatively small, corresponding variability of the 
CSAs of the MA and LVOT was significantly higher because the 2D diameters (radii) are 
squared in the geometric assumption formula for CSA.

Limitations
A true gold standard for calculating RVol and EROA was absent in the present study. The 
flow convergence method was used as the reference method, but underlying assumptions 
of this method are not entirely valid in the situations of an eccentric regurgitant jet and 
a dynamic regurgitant orifice change during systole, as discussed previously. We believe 
that a nonechocardiographic imaging modality (e.g., cardiac magnetic resonance imaging) 
would be much more helpful in validating our findings.

Mitral regurgitant jets due to prolapsed leaflets usually direct eccentrically, and the flow 
convergence method is less accurate. In this study, most patients had isolated P2 scallop 
prolapse, and the flow convergence zones were visually smooth and measurable.

The sample size in this study was relatively small because only patients who had optimal 
available echocardiographic assessments of CSAs of the MA and LVOT by 3D TEE imag-
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ing were included. Nevertheless, in all patients included, a consistent trend of overestimat-
ing mitral RVol and EROA using the 2D TTE PWDF method was obvious and therefore 
meaningful for clinical practice.

Because the MA and LVOT are dynamic structures, differences in timing of the measure-
ments may produce different values. In this study, the 2D frame rate and 3D volume rate 
were comparable, and the time points of measurements were set approximately equal in the 
cardiac cycle. We assume that the acquisition depth during 3D TEE imaging, which was 
half that of the 2D acquisition, contributed most to the high volume rate of the 3D data sets.

Finally, in some cases, the Doppler sound beam was not perfectly parallel to the blood 
flow. However, small deviations (<200) in angle produce mild (<10%) errors in velocity 
measurements, and these errors may be acceptable for low-velocity flows 13.

CONCLUSION

The traditional 2D TTE PWDF method tends to overestimates mitral RVol and EROA 
because the 2D measurements are monoplanar, and it is assumed that the CSAs of the MA 
and LVOT are circular, which results in the SV being overestimated at the mitral annular 
level and underestimated at the LVOT level.
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