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Abstract
Background—Planimetry of mitral valve area (MVA) is difficult in calcific mitral stenosis (CaMS)
in which limiting orifice is near the annulus, and unlike rheumatic mitral stenosis (RhMS), does not
present an area for planimetry at the leaflet tips. Moreover, pressure half time (PHT)-derived MVA
(MVAPHT) has limitations in patients with CaMS in whom there are coexisting conditions that affect
LV chamber compliance. We tested the hypothesis that real-time 3-dimensional echocardiography
(RT3D) can guide measurement at the narrowest orifice in CaMS.

Methods—In 34 patients with CaMS, MVA by RT3D (MVART3D) was obtained using a color-
defined planimetry technique performed “en face” at the smallest annular orifice cross-section
(diastolic maximum). MVART3D and MVAPHT were compared with an independent standard: MVA
by continuity equation (MVACEQ). In a subgroup of 10 patients with CaMS or RhMS, the 3-
dimensional shape of the stenotic mitral valve was examined, guided by color flow mapping.

Results—MVAPHT overestimated the mitral orifice area compared with MVACEQ (2.01 ± 0.52
cm2 vs 1.75 ± 0.46 cm2; P = .037), whereas there was no significant difference in MVART3D and
MVACEQ (1.83 ± 0.52 cm2 vs 1.75 ± 0.46 cm2, respectively, P = .61). MVART3D had a greater
correlation with MVA CEQ than MVAPHT (R = 0.86 vs 0.59 MVART3D vs MVAPHT, respectively).
There was better agreement between MVA by RT3D and MVA by continuity equation than MVA
by PHT and MVA by continuity equation (difference in MVA: 0.23 ± 0.15 cm2 vs 0.43 ± 0.29
cm2; P < .0001, MVART3D − MVACEQ vs MVAPHT − MVACEQ, respectively). In CaMS, there was
a tubular geometry to the valve shape. In contrast, RhMS had a doming funnel-shaped geometry.

Conclusion—RT3D provides an accurate measurement of MVA in CaMS. In contrast with the
doming valve shape present in RhMS, the limiting anatomic orifice area occurs at the annulus in
CaMS as measured by RT3D and reflects the effective orifice area as present in a tubular valve
geometry.
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The reliable assessment of mitral valve area (MVA) is essential in the management of patients
with mitral stenosis. Mitral annular calcification is a common condition that can result in
calcific mitral stenosis (CaMS).1–3 CaMS occurs when there is extension of the annular
calcification onto the mitral leaflets resulting in narrowing of the diastolic flow area.4,5 An
accurate measurement of mitral orifice in CaMS remains problematic. In CaMS, which is
associated with advanced age and coexisting left ventricular hypertrophy, coronary artery
disease, and diabetes mellitus, the measurement of MVA by the pressure half-time (PHT)
method is limited and often inaccurate because of frequently associated abnormal left
ventricular compliance.6–8 Furthermore, direct planimetry of MVA, which is commonly
applied in rheumatic mitral stenosis (RhMS), is difficult in CaMS where the limiting orifice is
near the annulus and does not present an area for planimetry at the leaflet tips as in RhMS. The
development of transthoracic real-time 3-dimensional echocardiography (RT3D) has the
potential to display a unique “en-face” view of the complete mitral valve and its neighboring
structures.9,10 Recent studies have shown that RT3D is a feasible, accurate, and highly
reproducible technique for assessing MVA in RhMS, correlating well with invasive methods.
11,12 We aimed to investigate the usefulness of RT3D in measuring MVA in patients with
CaMS at the limiting annular orifice by its ability to display an “en face” view of the mitral
valve orifice as dictated by the color planimetry of the flow stream. MVA by RT3D
(MVART3D) was compared with MVA by PHT (MVAPHT), and MVA derived from the
continuity equation (MVACEQ) was used as an independent standard.

MATERIALS AND METHODS
Patients referred for an echocardiogram at Massachusetts General Hospital and identified to
have CaMS were recruited in a prospective, consecutive manner. CaMS was defined
echocardiographically as the presence of a bright echo-producing structure (calcification)
located at the mitral annulus and posterior mitral valve leaflet on the parasternal long-axis and
apical 4-chamber that extended into the base of the mitral leaflets, creating diastolic inflow
obstruction.4,5 Patients with a minimum mean transmitral gradient of 4 mm Hg by Doppler
and technically adequate image quality for RT3D processing were included in the study.
Patients with significant (more than mild) mitral regurgitation or aortic regurgitation were
excluded so that the continuity equation could be applied for obtaining the effective MVA as
an independent standard. All patients had standard transthoracic 2-dimensional
echocardiographic images using a Sonos 5500 or 7500 ultrasound machine (Philips Medical
Systems, Bothell, WA) and an S3 probe (Philips Medical Systems) in parasternal and apical
views. The transmitral gradient and the time velocity integral (TVIMV) were obtained by
continuous-wave Doppler tracings of the maximal diastolic velocity across the mitral valve
from the apical 4-chamber view. The PHT was obtained by dividing the peak velocity by √2
and measuring the time (in milliseconds) from the peak velocity to the point where this decrease
was found.13,14 If there was a short early diastolic high velocity peak (ie, the early velocity
descent was curvilinear rather than linear), this was omitted, and the PHT was derived by
extrapolating the mid-diastolic linear descent backward.15 Three cardiac cycles for patients in
sinus rhythm and 5 representative cycles for patients in atrial fibrillation were recorded, and
their results were averaged for every patient.

RT3D was performed immediately or within 24 hours after the 2-dimensional study using a
Sonos 7500 or an IE-33 ultrasound machine (Philips Medical Systems) and an X4 or X3 probe
(Philips Medical Systems). By adjusting the mitral valve to the center of the screen, sector
settings were optimized for image and color resolution. 3D pictures were acquired in real time
using the “full-volume” mode, which forms a “pyramid” of data (90 × 85 degrees) from 4 to
7 sequential cardiac cycles. During acquisition, respiration was suspended to minimize motion
artifact. All images were stored on a compact disk and transferred for offline analysis using
QLAB Advanced Quantification Software, version 4.2 (Philips Medical Systems).
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MVART3D was obtained by measuring the narrowest annular orifice viewed “en face” in the
short-axis view. This was identified using 3 planes displayed simultaneously from the 3D color
pyramid database (Qlab, Philips Medical Systems). Parameters were standardized with color
gain set at the minimum (1%) and brightness set at 50%; color baseline was adjusted to observe
the location of maximal flow acceleration at the annulus where color-defined orifice area was
measured (Figure 1). In case of significant color signal dropout at the annulus because of heavy
annular calcification, planimetry guided by color Doppler flow was then performed proximal
to the annulus where significant change of flow velocity was detected. MVA derived from the
pressure half-time method (MVAPHT) was calculated as:16 MVAPHT = 220/PHT.

For an independent MVA standard, MVA derived from the continuity equation (MVACEQ)
was calculated:17 MVACEQ = left ventricular outflow tract (LVOT) diameter2 × 0.785 ×
TVILVOT/TVIMV.17 Measurements of the LVOT diameter were obtained in the parasternal
long-axis view. Measurements using the continuity equation were performed blinded to the
MVART3D or MVAPHT data.

In a subgroup of 10 patients with CaMS and 10 patients with RhMS, the 3-dimensional shape
of the stenotic mitral valve was determined using color Doppler flow mapping. This was
performed to determine whether the valve geometry was consistent with a tubular flow stream
in CaMS, which might be expected given the mechanism of narrowing occurring at the base
of the leaflets in contrast with a funnel-shaped (doming) geometry such as occurs in RhMS.
The 3D shape of the mitral valve was determined by assessing the valve in 3 views displayed
simultaneously. A tubular shape was defined as having a similar area at the mitral annulus and
leaflet tips, whereas a doming funnel shape was defined as a narrowing of the valve area at the
leaflets tips compared with the base. RhMS was defined as thickening and calcification of
leaflets and chordae, and fusion of the mitral commissures with decreased leaflet tip motion
and opening.18,19

Measurements of MVART3D, MVAPHT, and MVACEQ were performed independently and
blinded to the results of the other MVA measurements. For interobserver and intraobserver
variability: RT3D images of 15 different patients were analyzed at different times by 3
independent observers. The same images were also analyzed on a different day by one of these
same observers. Variability was evaluated as the standard deviation of the differences in
MVART3D expressed as the percent of mean MVART3D.

Statistical Analysis
Continuous variables were expressed as the mean (± standard deviation) and compared by the
Student t test. Statistical analysis of the association of variables was performed with the Pearson
correlation coefficient. Agreement between RTMVART3D and MVAPHT was compared with
MVA by continuity equation as assessed by Bland-Altman Plots.20 Comparisons were
considered significant with a P value < .05.

RESULTS
Fifty patients were screened, with 16 patients excluded because of poor image quality (n = 4),
greater than mild mitral regurgitation (n = 8), or a mean gradient of less than 4 mm Hg (n =
4). Thirty-four patients with CaMS were examined for this study. The mean age was 72 ± 13
years, and 82% were female. The majority of patients (80%) had a history of hypertension.
Approximately one third of patients had a history of coronary artery disease (36%), aortic
stenosis (36%) (aortic stenosis was defined as a valve area < 1.5 cm2), or diabetes mellitus
(32%). Only 4% of patients had none of these diagnoses in their medical history. The peak and
mean transmitral gradients were 16.4 ± 7.4 mm Hg and 7.6 ± 3.8 mm Hg, respectively.
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In CaMS, MVAPHT overestimated the MVA compared with MVACEQ (2.01 ± 0.52 cm2 vs
1.75 ± 0.46 cm2; P = .037), whereas there was no significant difference in MVART3D and
MVACEQ (1.83 ± 0.52 cm2 vs 1.75 ± 0.46 cm2, respectively, P = .61). MVART3D had a greater
correlation correlated with MVACEQ than MVAPHT (R = 0.86 vs 0.58; MVART3D vs
MVA PHT) (Figure 2). In addition, there was better agreement between MVART3D and
MVACEQ, with a mean difference in MVA of 0.23 ± 0.15 cm2 between MVART3D and
MVACEQ compared with a mean difference of 0.43 ± 0.29 cm2 for MVAPHT and MVACEQ;
P = .0007 (Figure 3). The shape of the mitral valve at the annulus and leaflet tips was similar
for CaMS, corresponding to a tubular geometry of the stenotic orifice. In contrast, in RhMS,
there was a funnel-shaped geometry to the valve (Figure 4). Intraobserver and interobserver
variability of RT3D MVA measurements was 5% and 8%, respectively.

DISCUSSION
We found that direct assessment of MVA by real-time 3-dimensional color Doppler
echocardiography is able to accurately measure the limiting mitral annular orifice area in CaMS
and correlated well with the MVA obtained by the continuity equation method, which is an
independent standard for measuring the effective MVA. MVA by color-guided planimetry
using RT3D had a greater correlation and agreement to MVA by continuity equation than MVA
by PHT.

The Doppler PHT method for calculating MVA has limitations in patients with CaMS because
these patients are usually elderly with a significant percentage having a history of systemic
hypertension, coronary artery disease, aortic valve stenosis, or left ventricular hypertrophy.
Increased left ventricular stiffness has been reported in patients with aortic stenosis and
coronary artery disease;21 therefore, patients with CaMS likely have impaired left ventricular
compliance and thus altered left atrial to left ventricular pressure difference. This in turn has
effects on the accuracy of the PHT measurement.22,23 The PHT would be shorter as a result
of a more rapid equilibration of left atrial and ventricular pressure with impaired left ventricular
compliance, resulting in an overestimation of the derived MVA, which was our experience in
this study. Although 2-dimensional planimetry is widely accepted as an accurate method for
measuring the valvular orifice in RhMS, this method has limitations particularly in regard to
positioning the correct image plane orientation. This is even more pronounced in CaMS
because the limiting orifice is near the annulus and practically does not present an area for
planimetry at the leaflet tips as in RhMS. RT3D overcomes these limitations and improves the
ability of the operators to perform an appropriately orientated and well-defined planimetry of
the mitral orifice area in CaMS by its ability to manipulate the cropping plane to measure the
narrowest “en face” area in short axis. This 3D perspective of intersecting views is necessary
to locate and standardize the appropriate view and is unavailable in standard transthoracic 2-
dimensional imaging. In addition, 3D color flow Doppler imaging offers better delineation of
the annular flow area and thus more accurate assessment of the orifice area. In clinical practice,
patients with moderate or severe CaMS often have a significant degree of mitral regurgitation,
probably because of increased rigidity of the mitral annulus, which renders MVA calculation
by the continuity equation not applicable. The findings of the present study therefore show that
RT3D is a useful noninvasive tool for measuring MVA. RT3D color-planimetry measurements
were highly reproducible with excellent interobserver and intraobserver variability.

Three-dimensional Geometry of the Calcific Mitral Valve
The principle of fluid mechanics states that flow, directed to converge toward a narrow orifice,
will continue to converge beyond the orifice until its convergence is blunted by interaction
with surrounding fluid. The contraction coefficient of the orifice of the valve is defined as the
effective orifice area at the vena contracta (the smallest cross-sectional area encountered by
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flow) divided by the anatomic area.24,25 Previous work has demonstrated that the contraction
coefficient and the related net pressure loss are affected by the variation in leaflet geometry in
patients with mitral stenosis.19 In the CaMS group, RT3D demonstrated no apparent
contraction of the flow stream distal to the limiting mitral orifice by color flow Doppler images
compatible with a collimated flow stream reflecting the tubular geometry of the limiting mitral
orifice in CaMS, whereas in the RhMS group, there was a doming funnel leaflet geometry. The
finding of a tubular geometry in CaMS has several important clinical implications. Gilon et al,
26 using 3D echocardiographic laser stereolithography, demonstrated that changes in pressure
gradient across a stenotic valve depend not only on its limiting orifice area but also on its 3D
geometry proximal to the orifice. For the same anatomic area and flow rate, the pressure
gradient was higher for a flat valve shape (smaller contraction coefficient of 0.6) compared
with that of a dome funnel shape (larger contraction coefficient of 0.8) by up to 40%. By
extrapolating these concepts, the pressure gradient across the stenotic orifice would be even
lower in CaMS for the same anatomic orifice area because with a tubular geometry the
contraction coefficient is approximately 1. This finding suggests that CaMS, which is a
common finding in clinical practice, is not generally associated with clinically important flow
obstruction. Moreover, because the anatomic and effective orifice area is essentially equal, the
Gorlin’s equation derived MVA (a measure of effective orifice area) practically represents the
anatomic limiting orifice area and vice versa. Thus, RT3D color planimetry effectively can
supplant invasive evaluation.

Study Limitations
Accurate delineation of the MVA by RT3D is dependent on the quality of the images. The
current size of matrix phase-array probes may limit adequate acoustic windows for optimal 3D
images even to experienced operators. However, the development of newer generation matrix-
phase array probes should improve frame rate and thus image quality.

The patient population examined was a selected one because 16 of 50 patients screened were
excluded for various reasons based on predetermined criteria, and the results presented may
not apply for all patients with CaMS.

The independent standard used in this study did not involve an invasive method such as the
MVA calculated by the Gorlin equation used in catheterization laboratories. However, the
Gorlin equation is essentially derived from the continuity principle; this principle was also
applied using noninvasive Doppler quantification methods as an independent comparison in
this study. Using a noninvasive independent standard also limited comparison variability
inherent when comparing a method obtained invasively in the catheterization laboratory under
sedated conditions with methods obtained noninvasively without sedation.

CONCLUSIONS
RT3D provides an accurate measurement of MVA in CaMS. In contrast with doming RhMS,
the limiting anatomic orifice area occurs at the annulus in CaMS, as measured by RT3D, and
reflects the effective orifice area as present in a tubular valve geometry.
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Figure 1.
RT3D-guided color-defined planimetry of the MVA in CaMS. The RT3D data set (D) is
cropped using simultaneous display of 3 imaging planes (A, B, C) to obtain MVA. Color figure
online.
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Figure 2.
Correlation of MVA by PHT method (A) and real-time 3D (B) to that of continuity equation.
Color figure online.
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Figure 3.
Bland-Altman plots of MVA by PHT method (A) and real-time 3D (B) compared with
continuity equation. Color figure online.
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Figure 4.
Geometry of the mitral valve in CaMS and RhMS. CaMS displays a tubular geometry (A)
compared with the doming pattern seen in RhMS (B). Yellow and red arrows outline the mitral
annulus and leaflet tips; white arrows and dashed lines outline the geometry of the valve. Color
figure online.
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