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Abstract
3D direct planimetry is increasingly used in clinical practice as a rapid way to measure the mitral valve area (MVA) in 
patients with rheumatic mitral stenosis (MS) who underwent three-dimensional transesophageal echocardiography (3D-TEE). 
However, data on its accuracy and reliability are scarce. This study aimed to compare the MVA measurements obtained by 
3D direct planimetry to the conventional technique multiplanar reconstruction (MPR) in MS patients using 3D-TEE. We 
retrospectively included 49 patients with rheumatic MS undergoing clinically-indicated 3D-TEE in the study. We determined 
the 3D direct planimetry measurements of MVA from the left atria aspect  (MVALA) and the left ventricle aspect  (MVALV), 
and compared those with the MPR method  (MVAMPR). We also assessed the major and minor diameters of the mitral valve 
orifice using MPR and 3D direct planimetry. We found an excellent agreement between the MVA measurements obtained by 
the MPR method and 3D direct planimetry  (MVALA and  MVALV) [intraclass correlation coefficients (ICC) = 0.951 and 0.950, 
respectively]. However, the  MVAMPR measurements were significantly larger than the  MVALA and  MVALV (p < 0.001; mean 
difference: 0.12 ± 0.15  cm2 and 0.11 ± 0.16  cm2, respectively).The inter-observer and intra-observer variability ICC were 
0.875 and 0.856 for  MVAMPR, 0.982 and 0.984 for  MVALA, and 0.988 and 0.986 for  MVALV, respectively. The major diameter 
measured by MPR (1.90 ± 0.42 cm) was significantly larger than that obtained by 3D direct planimetry (1.72 ± 0.35 cm for the 
LA aspect, p < 0.001; 1.73 ± 0.36 cm for the LV aspect, p < 0.001). The minor diameter measured by MPR (0.96 ± 0.25 cm) 
did not differ from that derived by 3D direct planimetry (0.94 ± 0.25 cm for the LA aspect, p = 0.07; 0.95 ± 0.27 cm for the 
LV aspect, p = 0.32). 3D direct planimetry provides highly reproducible measurements of MVA and yields data in excellent 
agreement with those obtained by the MPR method. The discrepancy between the two techniques may be due to differences 
in major diameter measurements of the mitral valve orifice.
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Introduction

Rheumatic mitral stenosis (MS) remains the most common 
heart valve disease in developing countries with high mor-
bidity and mortality [1, 2]. Clinical management of these 
patients relies on the accurate measurement of the mitral 
valve area (MVA) [3, 4]. Echocardiography is the first-
line diagnostic imaging modality to measure the MVA [5]. 
Three-dimensional transesophageal echocardiography (3D-
TEE) using the multiplanar reconstruction (MPR) method 
provides better alignment of the image plane at the mitral 
tips [5–7]. This renders a more accurate and reproducible 
planimetric measurement with better interobserver and intra-
observer agreement than 2D transthoracic echocardiography 
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[8–10], and is, therefore, deemed the gold standard by some 
investigators [10–12]. However, the analysis must be done 
off-line. 3D direct planimetry, a technology developed in 
recent years, permits direct measurements within the 3D 
dataset, without the need to export the dataset into spe-
cial software for offline analysis [13]. 3D-TEE provides a 
unique en-face view of the mitral valve orifice, and direct 
planimetry of the MVA could, therefore, be performed in a 
method similar to 2D echocardiography [14]. Recently, 3D 
direct planimetry has more frequently been used in clinical 
practice as a fast way to measure the MVA [15–17]. How-
ever, research assessing the effectiveness of the 3D direct 
planimetry method and its comparison to the MPR method 
is lacking [18].

Thus, the purpose of this study was to compare the MVA 
measurements obtained by 3D direct planimetry and MPR 
in patients with rheumatic MS who underwent 3D-TEE and 
to explore the possible cause of discrepancies between the 
two 3D techniques.

We also determined the reliability of the visual assess-
ment of the 3D direct planimetry method, since one of the 
critical elements of that technique is that the mitral valve 
orifice is parallel to the screen.

Methods

Study patient population

We retrospectively evaluated 52 patients with MS who 
underwent clinically-indicated 3D-TEE between January 
2017 and December 2019. We excluded three patients with 
poor 3D-TEE image quality, resulting in 49 patients in our 
analyses. Clinical and demographic data were obtained 
from the patients’ medical records. The study protocol was 
reviewed and approved by the Local Ethics Committee and 
informed consent requirements were waived due to the 
study’s retrospective nature.

3D transesophageal echocardiography

3D-TEE was performed after local anesthesia using a com-
mercially available matrix-array echocardiographic machine 
(EPIQ 7C, Philips) with an X7-2t transducer. 3D-TEE 
images [19] were acquired from patients in sinus rhythm 
using the zoom mode over four consecutive heartbeats 
while the patient held their breath. For patients in atrial 
fibrillation or with suboptimal multibeat construction, the 
3D-TEE images were obtained using the zoom mode (one 
beat) focused on the mitral valve, with the highest possible 
volume rate. Both 2D gain and compression settings were 
set in the midrange (about 50 U) before acquiring the 3D 

datasets as recommended in the EAE/ASE guideline [19], 
to avoid dropouts or over-gain.

Measurement of MVA by MPR

MPR measurements of the MVA  (MVAMPR) were performed 
offline using the Philips QLAB version 10.5 software. First, 
the maximum early diastolic opening of the mitral valve ori-
fice was determined. Then, multiplanar reconstruction was 
used to locate two orthogonal planes to cross the tips of the 
mitral valve, after which a third cropping plane at the level 
of mitral valve orifice was seen (Fig. 1) and  MVAMPR was 
measured by planimetry (Fig. 2). Additionally, we measured 
two orthogonal diameters, the major diameter  (MajorMPR) 
and the minor diameter  (MinorMPR) of the mitral valve ori-
fice (Fig. 2).

Measurement of MVA by 3D direct planimetry

3D direct planimetry of MVA was determined through an 
en-face view of the mitral valve in a method similar to 2D 
echocardiography of the left atrial aspect  (MVALA) and 
left ventricular aspect  (MVALV) on the echocardiographic 
machine. First, the maximum early diastolic opening of the 
mitral valve orifice was chosen which is the same frame 
as used for the MPR method. Then, we performed manual 
rotation of the 3D image to ascertain that the mitral valve 
orifice was parallel to the screen when the MVA was highest 
(Fig. 3). The planimetry MVA measurement was obtained 
from the magnified view (Fig. 4). Additionally, two orthog-
onal diameters, the major and the minor diameter of the 
mitral valve orifice, were measured from the left atrial aspect 
 (MajorLA,  MinorLA) and left ventricular aspect  (MajorLV, 
 MinorLV) (Fig. 4).

In order to test the reliability of the 3D direct planimetry 
measurement, we used the face-cropping function built into 
the machine, which can cut 3D images in a plane parallel to 
the screen. After the 3D direct measurement method was 
completed, the face-cropping function was used on the same 
3D image to adjust the orientation of the 3D image for layer-
by-layer cutting, so that the cutting plane could cut both 
commissures simultaneously, as well as the A2 and P2 seg-
ments. In that situation, the mitral valve orifice is considered 
to be parallel to the screen, resulting in a true-sized orifice 
that can be measured by 3D direct planimetry  (MVALA FACE 
and  MVALV FACE) (Fig. 5).

Inter‑ and intra‑observer variability

To determine the inter-observer variability for MVA meas-
urements, images of 15 randomly selected patients were ana-
lyzed at different times by two independent, blinded observ-
ers. One of these observers analyzed the same images twice 
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on a different day at 1-month intervals, without reference to 
the previous measurements, to determine the intra-observer 
variability.

Statistical analysis

Statistical analysis was performed using IBM SPSS version 
25.0. All data were normally distributed as determined by Sha-
piro–Wilk test, except the 3D frame rate. Continuous variables 
were expressed as mean ± standard deviation or median (range) 
where appropriate. Categorical variables were expressed as 
an absolute number (percentage). MVA values determined by 
3D MPR and 3D direct planimetry were compared using the 
paired Student’s t-test. Statistical analysis of the association 

of variables was performed using Pearson correlation coef-
ficients. Intermethod agreement was evaluated using the 
Bland–Altman method and intraclass correlation coefficients 
(ICC). Inter-observer and intra-observer reproducibility were 
evaluated using the Bland–Altman method and ICC. All tests 
were performed two-sided, and a p-value < 0.05 was consid-
ered significant.

Fig. 1  Multiplanar reconstruction of the mitral valve orifice using 3D transesophageal echocardiography. a, b Two orthogonal image planes were 
manually located to cross the tips of the mitral valve. c The mitral valve orifice was obtained
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Results

Population

The study population comprised of 49 patients with MS, 
with a mean age of 50.7 ± 12.0 years, 63.3% were female, 
and 38.8% were in atrial fibrillation. Forty-five (91.8%) 

patients had an LV ejection fraction of ≥ 50%. The base-
line characteristics of all patients are presented in Table 1.

MVA measurements using 3D TEE methods

The MVA, as determined by the MPR method, was 
1.36 ± 0.56  cm2, while the MVA, as determined by 3D 
direct planimetry, was 1.25 ± 0.54 cm2 for  MVALA and 
1.25 ± 0.55 cm2 for  MVALV. We found an excellent agree-
ment between  MVAMPR and  MVALA with an ICC value 
of 0.951 (p < 0.001). The agreement between  MVAMPR 
and  MVALV was also excellent, with an ICC value of 
0.950 (p < 0.001). However,  MVAMPR measurements were 
significantly larger than the  MVALA (mean difference: 
0.12 ± 0.15  cm2; p < 0.001) and  MVALV measurements 
(mean difference: 0.11 ± 0.16 cm2; p < 0.001).

Furthermore, the  MVAMPR correlated well with the 
 MVALA (r = 0.971, p < 0.001) and the  MVALV (r = 0.968, 
p < 0.001).

We performed a Bland–Altman analysis and found an 
excellent agreement between the MPR and 3D direct planim-
etry (Fig. 6). The  MVALA did not differ from  MVALV (mean 
difference: − 0.004 ± 0.050cm2, p = 0.57).

The  MajorMPR (1.90 ± 0.42 cm) of the mitral valve orifice 
was significantly larger than the  MajorLA (1.72 ± 0.35 cm; 
mean difference: 0.19 ± 0.22 cm; p < 0.001) and  MajorLV 
(1.73 ± 0.36 cm; mean difference: 0.18 ± 0.23 cm; p < 0.001). 
However, the  MajorMPR correlated well with the  MajorLA 
(r = 0.843, p < 0.001) and the  MajorLV (r = 0.842, p < 0.001).

On the other hand, we did not find a significant difference 
between the  MinorMPR (0.96 ± 0.25 cm) and the  MinorLA 

Fig. 2  Measurement of the mitral valve area, major diameter and 
minor diameter by MPR method

Fig. 3  3D zoom image of a mitral valve orifice from the left atrial perspective (a) and from the left ventricular perspective (b) using 3D 
transesophageal echocardiography
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(0.94 ± 0.25  cm; mean difference: 0.019 ± 0.071  cm, 
p = 0.065) or the  MinorLV (0.95 ± 0.27 cm; mean difference: 
0.013 ± 0.095 cm, p = 0.32). The Bland–Altman analysis of 
these data is presented in Fig. 7.

The  MVALA measurements we obtained were sig-
nificantly lower than the  MVALA FACE (mean difference: 
− 0.017 ± 0.042 cm2, p = 0.007). The  MVALV measurements 
were also significantly lower than the  MVALV FACE measure-
ments (mean difference: − 0.029 ± 0.058 cm2, p = 0.001).

The time required to perform the analysis of each 3D 
dataset was different for the 3D direct planimetry and MPR 
methods. The 3D direct planimetry was done faster and took 
0.5 min, while the MPR method took 2 min.

Inter‑observer and intra‑observer variability

The inter- and intra-observer agreement for  MVAMPR val-
ues were excellent, with ICC values of 0.875 and 0.856, 

respectively. The absolute difference between assessments 
was 0.059 ± 0.209 cm2 and 0.018 ± 0.219 cm2, respectively.

The inter- and intra-observer agreement for  MVALA 
were also excellent, with ICC values of 0.982 and 0.984, 
with an absolute difference between assessments of 
0.028 ± 0.067 cm2 and 0.006 ± 0.070 cm2, respectively.

Finally, also for  MVALV the inter- and intra-observer 
agreement were excellent, with ICC values of 0.988 and 
0.986, and an absolute difference of 0.019 ± 0.061 cm2 and 
0.003 ± 0.068 cm2, respectively.

Discussion

The present study compared MVA measurements obtained 
by multiplanar reconstruction to those obtained by the 3D 
direct planimetry method in patients with rheumatic MS. 
We found that the agreement between the methods was 

Fig. 4  Measurement of the 
mitral valve area, major diam-
eter and minor diameter by 3D 
direct planimetry method from 
the left atrial aspect (a) and the 
left ventricular aspect (b)

Fig. 5  A mitral valve orifice parallel to the screen as judged by the 
face-cropping method. a 3D zoom image of a mitral valve orifice 
from the left ventricular perspective. *A2, P2 scallops and commis-

sures. b Cutting plane cut A2 and P2 scallops simultaneously. c Cut-
ting plane cut both commissures simultaneously
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excellent, but MPR yielded larger MVA compared to the 
3D direct planimetry, which has better reproducibility. 
The discrepancies in MVA measurements between the two 
techniques may be due to differences in the major diameter 
measurements of the orifice.

The assessment of MVA by echocardiography has been 
validated in various settings. The guideline recommends 
planimetry methods as reference standards because they 

do not involve any hypothesis regarding flow conditions, 
cardiac chamber compliance, or associated valvular lesions 
[20].

MPR and 3D direct planimetry are both methods that 
determine the MVA by delineating the mitral valve orifice, 
and could theoretically both produce a reliable measurement. 
However, there are limited data available on the comparison 
of the two 3D methods.

In the present study, we observed an excellent agreement 
between data obtained by the MPR and the 3D direct plani-
metry methods with excellent correlation and ICC. How-
ever,  MVAMPR measurements were higher than  MVALA 
and  MVALV measurements using the 3D direct planim-
etry method, with a mean difference of 0.12 and 0.11 cm2, 
respectively. To our knowledge, few other investigations 
compared the two 3D methods. Eibel et al. [13] demon-
strated that the direct delineation in the en-face 3D-TEE 
mode leads to a non-significant underestimation of MVA 
compared to MPR measurements in a cohort of patients who 
predominately had a normal MVA. Sadeghian et al. [18] 
found that  MVAMPR overestimated the MVA compared to 
MVA obtained by direct planimetry on the 3D zoom mode 
in rheumatic MS patients, which is in agreement with our 
study. The mean difference found in their study was approxi-
mately 0.9 cm2.

The reasons for the discrepancies between the MPR and 
3D direct planimetry methods based on the same 3D image 
remain to be elucidated. Measurements of the major and 
minor diameter of the mitral valve orifice may shed some 
light on this. The MPR method yielded a larger major 
diameter than the 3D direct planimetry method, while the 
minor diameter measurements did not differ between the 
two 3D methods. Possible explanations for these differ-
ences may lie in the 3D geometry of the mitral valve. The 
anterior leaflet has a rounded free edge, which comprises 

Table 1  Baseline characteristics of the study population

AR aortic regurgitation, AS aortic stenosis, HR heart rate, PASP pul-
monary artery systolic pressure, PBMV percutaneous balloon mitral 
valvuloplasty, LA left ventricular, LV left ventricular, MR mitral 
regurgitation, NYHA New York Heart Association

Baseline characteristics N (%)/
mean ± SD/
median (range)

Age (years) 50.7 ± 12.0
Female gender 31 (63.3%)
HR (bpm) 84.4 ± 17.2
Atrial fibrillation 19 (38.8%)
History of PBMV 2 (4.1%)
NYHA class
 II 28 (57.1%)
 III 21 (42.9%)

LV end-diastolic dimension (mm) 48.0 ± 6.2
LV end-systolic dimension (mm) 32.9 ± 4.9
LV ejection fraction (%) 61.2 ± 8.4
LA diameter (mm) 48.4 ± 10.0
PASP (mmHg) 37.3 ± 12.9
MR grade moderate or greater 13 (26.5%)
AR greater than moderate 2 (4.1%)
AS greater than moderate 2 (4.1%)
3D images frame rate (Hz) 31 (18–49)

Fig. 6  Bland–Altman comparisons between mitral valve area by the multiplanar reconstruction (MPR) and 3D direct planimetry method. a MPR 
vs. 3D direct planimetry from the left atrial aspect. b MPR vs. 3D direct planimetry from the left ventricular aspect
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one-third of the annular circumference. The posterior 
leaflet, on the other hand, is long and narrow and lines 
the remainder of the circumference. The leaflet shape, 
together with the differential depth between the tips and 
commissures, makes the mitral valve orifice non-planar. 
This non-planar structure is not optimally represented by 
a single 2D plane, even when the valve is stenotic [21]. 
When cropping the stenotic mitral valve orifice using the 
“face-cropping” setting, we found that most of the orifices 
had a curved surface. Therefore, the orifice created using 
the MPR method may not be accurate. In essence, the 3D 
direct planimetry is also a 2D method which measures 
the projected area of the actual 3D orifice on the screen 
and does not need to reconstruct the orifice. This may be 
why the 3D direct planimetry has better inter- and intra-
observer agreement than the MPR method. It should be 
noted that planimetry methods, including 2D planimetry, 
MPR and 3D dirct planimetry, do not take into account 
the differential depth between the tips and commissures of 
the mitral valve. Mitral valve navigation software may be 

feasible and accurate when measuring the curved surface 
area of the mitral valve orifice [21].

The limitation of 3D direct planimetry is that the 3D 
images are displayed on a 2D screen. This can cause an 
underestimation of the MVA measurement when the mitral 
valve orifice is not parallel to the screen. To test the reliabil-
ity of the 3D direct planimetry method, we compared the 
eyeball method to the face-cropping method, which acts as 
the z-axis correction function in MPR. The measurements 
using the eyeball method underestimated MVA compared 
to the face-cropping method. This was as expected since 
it is impossible to align the orifice precisely parallel to the 
screen. However, the difference we found between the two 
methods is too small to be of clinical significance.

Due to its ease of use and accuracy, 3D direct planimetry 
can serve as a reasonable option for the assessment of MVA, 
especially in clinical scenarios where rapid diagnostics are 
desirable [22] or when the border of the orifice cannot be 
identified by the MPR method. In addition, one can choose 
to measure from the left atrium or the left ventricle, with 

Fig. 7  Bland–Altman graphs for mitral valve orifice diameters. a 
Bland–Altman graph for major diameter as determined by MPR and 
3D direct planimetry from the left atrial aspect. b Bland–Altman 
graph for major diameter as assessed by MPR and 3D direct planim-

etry from the left ventricular aspect. c Bland–Altman graph for minor 
diameter as determined by MPR and 3D direct planimetry from the 
left atrial aspect. d Bland–Altman graph for minor diameter measured 
by MPR and 3D direct planimetry from the left ventricular aspect
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no statistical difference between the two approaches. Care 
must be taken to ensure that the orifice is aligned parallel to 
the screen when applying the 3D direct planimetry method. 
When this is uncertain, face-cropping can be useful for pre-
cise positioning. Because 3D direct planimetry method is 
susceptible to gain artifacts, the 2D gain settings should be 
optimized before acquiring the 3D datasets. Both gain and 
compression settings should be set in the midrange (about 
50 U) as per the EAE/ASE guideline [19], to avoid dropouts 
or over-gain. Furthermore, during 3D direct planimetry one 
should try to avoid adjusting the gain settings.

Several limitations of this study should be mentioned. 
First, the lack of an absolute gold standard for MVA meas-
urements [23, 24] precluded us from concluding the relative 
accuracy of 3D direct planimetry compared with MPR. Sec-
ondly, we did not include MVA measurements by 2D tran-
sthoracic echocardiography in the analysis as the primary 
aim of this study was to compare two 3D-TEE methods. 
Thirdly, this study was conducted as a retrospective study 
and is subjected to the inherent limitations of such a study 
design.

Conclusions

3D direct planimetry provides rapid and highly reproducible 
measurements of MVA, yielding data in excellent correla-
tion and agreement with data obtained by the MPR method. 
The MPR-derived MVA measurements are systematically 
larger than those obtained by 3D direct planimetry, which 
may be due to differences in major diameter measurements 
of the mitral valve orifice.
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