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Background: Ischemic mitral regurgitation (IMR) is common in ischemic heart disease and results in poor
prognosis. However, the exact mechanism of IMR has not been fully elucidated.
Hypothesis: Quantitation of the mitral tetrahedron using three-dimentianl (3D) echocardiography is capable
of evaluating the geometric determinants and mechanisms of IMR.
Methods: Forty patients with a history of ST-elevation myocardial infarction at least 6 months earlier were
studied. Parameters of mitral deformation and global left ventricular (LV) function and shape were evaluated
by 2-dimensional echocardiography. The effective regurgitant orifice (ERO) of IMR was obtained by the
quantitative continuous-wave Doppler technique. Three-dimensional (3D) echocardiography was applied to
assess the mitral tetrahedron.
Results: Mitral valvular tenting area (P < 0.001), mitral annular area (P = 0.032), dilation of the LV in diastole,
impairment of the LV ejection fraction, and volume of the spherically shaped LV in systole were greater in
patients with an ERO ≥20 mm2 than in those with an ERO <20 mm2. In the mitral tetrahedron, only the
interpapillary muscle roots distance showed a significant difference (P = 0.004). Multivariate analysis with the
logistic regression model showed the systolic mitral tenting area (odds ratio [OR]: 280.49, 95% confidence
interval [CI]: 4.59-1.72 × 104, P = 0.007) and interpapillary muscle distance (OR: 1.50, 95% CI: 1.03-2.19,
P = 0.036) to be independent factors in predicting significant IMR (ERO ≥20 mm2).
Conclusions: 3D echocardiography can be effectively applied in measuring the mitral tetrahedron and
evaluating the mechanism of IMR. Mitral valvular tenting and interpapillary muscle distance are 2 independent
factors of significant IMR.

Introduction
Ischemic mitral regurgitation (IMR) is frequently presented
in ischemic heart disease with left ventricular dysfunction
despite a structurally normal mitral valve.1 The presence
of IMR after myocardial infarction (MI), in acute or chronic
phase, is associated with a significant increase in the risk
of death and heart failure.2–4 However, the mechanism and
treatment of IMR has not been fully elucidated. Papillary
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muscle dysfunction causing mitral valve prolapse has
previously been proposed as the cause of IMR.5 However,
in animal and clinical studies, isolated papillary muscle
dysfunction failed to generate IMR.6–9 Recently, Godley
and He et al. demonstrated that incomplete mitral leaflet
closure may be the primary mechanism.10,11 Left ventricular
(LV) dilatation, LV systolic dysfunction, mitral annular
dilatation or dysfunction, and local LV remodeling with
papillary muscle displacement have been postulated to
involve the incomplete mitral leaflet closure and the gen-
eration of IMR.6,11–15 However, these recent studies used
2-dimensional (2D) echocardiography to assess the local
or global remodeling and the annular geometry. There are
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several limitations with 2D imaging that include an inability
to provide accurate surgical views and partial quantitation.16

Yu et al. used magnetic resonance imaging (MRI) as a
method to assess the geometry of the mitral apparatus and
proposed mitral tetrahedron as a geometrical surrogate for
IMR.17 A mitral tetrahedron is defined by its 4 vertices at the
medial, lateral papillary muscle roots, and the anterior and
posterior mitral annulus, and therefore it is encompassed by
6 edges (Figure 1). A study by Yu et al. that involved patients
with ischemic cardiomyopathy and advanced ventricular
remodeling, demonstrated that the whole mitral tetrahedron
(elongated 6 edges) is a significant geometric surrogate for
chronic IMR.18 However, MRI also has some disadvantages
in evaluating IMR, including: (1) poor resolution for valvular
structures, (2) inability to evaluate IMR severity, (3) cost,
and (4) time. Yet, advancements in 3-dimensional (3D)
echocardiography provide another method to assess the
spatial relationship of the mitral apparatus. The primary pur-
pose of this study was to determine the capability of real-time
3D echocardiography in measuring the 6 edges of mitral
tetrahedron in patients with IMR after MI. The secondary
goals were to evaluate the possible determinants for IMR by
traditional 2D echocardiography and by newer 3D echocar-
diography methods and to compare the weight of each
determinant on the severity of mitral regurgitation (MR)
after MI.

Methods
Study Population

The study population was comprised of 40 consecutive
patients from 2005 to 2006, each of whom had a history of
ST-elevation MI >6 months. The diagnosis of MI was made
on the basis of history, electrocardiography, and elevation
of cardiac enzymes. The location of the MI was according
to the leads of the ST-segment elevation. The time interval
between infarction and echocardiographic assessment
was > 6 months for all patients. Exclusion criteria were:
structural mitral lesions, clinical or echocardiographic
evidence of other cardiac disease, more than trace aortic
regurgitation, suboptimal echocardiographic windows, and
atrial fibrillation or other arrhythmia interfering in the
acquisition of images. Patients recruited into the study
gave informed consent, and the study was approved by the
institutional review board of the National Taiwan University
Hospital.

2D Echocardiographic Measurements

Echocardiographic studies were performed using a Phillips
Sonos 7500 (Philips Medical Systems, Bothell, WA)
ultrasound system. All 2D echocardiographic images
and Doppler data were obtained with a S3 probe and
digitally stored on optical discs for offline analysis. Left
ventricular end-diastolic volume (LVEDV), LV end-systolic
volume, and LV ejection fraction (LVEF) were measured
by the biplane Simpson disc method.19 The sphericity
index was defined as the ratio of short- to long-axis
dimension of the LV from the apical 4-chamber view
at end-systole.20 The mitral valvular tenting area was
measured as an area enclosed between the annular plane

Figure 1. Measurement of the mitral tetrahedron. First, the maximal left
ventricular (LV) contraction was defined as the end-systolic phase. An
anteroposterior plane (red frame) that passed through the anterior and
posterior annulus was adjusted to parallel the LV axis (part a). Another
plane (green frame) perpendicular to the anteroposterior plane was also
adjusted to parallel the LV axis (part b). Then, a horizontal plane (blue
frame) was accommodated to the mitral ring by the assistance of these 2
planes (part c). The distance between the anterior and posterior annulus
(DAP) was measured, and the long-axis of mitral annulus was also
obtained. The mitral annular plane (part c) was annotated to form the
reference plane for tilting the anteroposterior plane. Second, the blue
frame was moved to the level of the roots of the papillary muscles and
intersected with the green frame. These 2 frames were moved carefully to
define the exact point of the roots of papillary muscles (part l). The blue
frame at this time was annotated to be the papillary muscle roots plane.
The anteroposterior plane (red frame) was tilted to the root of medial
papillary muscle using a reference hinge intersecting by the mitral annular
plane and the anteroposterior plane (part d). The exact intersection of
anteroposterior plane with the root of the medial papillary muscle was
assisted by the green frame and the papillary muscle roots plane (parts e
and f). On the anteroposterior plane imaging (part g), the intersecting
point of the blue and green line was the root of medial papillary muscle
(M) (part g), and the distance between the root of medial papillary muscle
and the anterior annulus (DAM) and the posterior annulus (DPM) could be
measured. By the same way, the distance between the root of lateral
papillary muscle and the anterior annulus (DAL) and the posterior annulus
(DPL) could be measured after tilting the anteroposterior plane to the root
of lateral papillary muscle (parts h–k). Finally, the interpapillary muscle
roots distance (DML) could be measured on the papillary muscle roots
plane (part l). Abbreviations: M, the root of medial papillary muscle; L, the
root of lateral papillary muscle; A, the anterior annulus; P, the posterior
annulus.

and the mitral leaflets.15 The mitral valvular tenting
area was obtained from the parasternal long-axis view at
end-systole.

The quantitative continuous-wave Doppler technique was
used to quantify MR. The mitral and aortic stroke volumes
were calculated to derive the mitral regurgitant volume
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(RV).21,22 The effective regurgitant orifice (ERO) was
obtained by dividing the RV by the regurgitant time-velocity
integral.23 An ERO ≥ 20 mm2 in patients with IMR adversely
predicts long-term clinical outcome.3,4 Therefore, an ERO
≥20 mm2 was used to determine the significance of MR;
subsequently, the patients were classified into 2 groups:
ERO <20 mm2 and ERO ≥20 mm2.

3D Echocardiographic Measurements

The Phillips Sonos 7500 (Philips Medical Systems)
ultrasound system was used to obtain transthoracic
volumetric images with an ×4 probe in the apical view in
all studied patients. The transducer position was adjusted
carefully to ensure its location at the apex and to include
the entire LV and mitral valve in both imaging planes
using a biplane mode. Next, the full-volume image was
acquired and digitally stored on compact disks for offline
analysis. The volumetric frame rate was 16 to 22 frames
per second, with an imaging depth of 12 to 16 cm. We
used 3D computer software (3DQ, QLAB version 4.1;
Philips Medical Systems) to define the mitral tetrahedron
(Figure 1). The distance between the anterior and posterior
annulus (DAP), the long-axis of mitral annulus (Dlong-axis),
the distance between the root of medial papillary muscle
and the anterior annulus and the posterior annulus, the
distance between the root of lateral papillary muscle and
the anterior annulus and the posterior annulus, and the
interpapillary muscle roots distance (DML) were measured.
Mitral annular area was calculated as π(DAP × Dlong-axis)/4.
The offline measurement of mitral tetrahedron was per-
formed by a single experienced sonographer (Chin-Feng
Hsuan).

Evaluation of Reproducibility

Reproducibility for the measurement of the 6 edges of the
mitral tetrahedron was assessed in 20 patients. Intraob-
server variability was performed by the author. Another
experienced sonographer (Lung-Chun Lin) measured the
mitral tetrahedron for the interobserver variability.

Statistics

Continuous variables are expressed as mean ± standard
deviation percentages for categorical data. Group compar-
isons were performed with the Student t test, Pearson χ2

test, or Fisher exact test as appropriate. Interobserver and
intraobserver variability in measuring edge length were
presented as inter- and intracorrelation coefficients (ICCinter
and ICCIntra) and expressed as the standard error of esti-
mation of ICCs. The correlation of ERO measurement with
echocardiographic variables was performed using the Pear-
son correlation analysis. Furthermore, a stepwise logistic
regression analysis was performed to identify the risk fac-
tors associated with ERO. Univariate logistic regression was
analyzed to determine the association of ERO levels with
echocardiographic variables. Variables with a P value <0.2
from univariate logistic regression analysis were put into
multivariate logistic regression analysis with a backward
stepwise conditional selection. All statistical assessments
were 2-tailed and considered statistically significant if

Table 1. Demographic Data of the Study Group

Variables
ERO <20 mm2

(n = 24)
ERO ≥20 mm2

(n = 16) P Value

Age, y 56.79 ± 7.58 57.31 ± 9.21 0.846

Gender 0.638

Male 21 (87.5) 15 (93.8)

Female 3 (12.5) 1 (6.3)

BMI, kg/m2 24.66 ± 2.35 24.76 ± 2.07 0.893

BSA, cm2 1.76 ± 0.16 1.79 ± 0.16 0.555

CPK, IU/mL 4589.88 ± 2266.59 6180.75 ± 3627.92 0.095

Location of myocardial
infarction, %

0.027a

Inferior 9 (37.5) 12 (75)

Anterior 15 (62.5) 4 (25)

Smokers, % 15 (62.5) 11 (68.8) 0.685

Hypertension, % 0.151

Yes 8 (33.3) 9 (56.2)

No 16 (66.7) 7 (43.8)

Diabetes mellitus, % 0.717

Yes 6 (25) 3 (18.8)

No 18 (75) 13 (81.2)

Dyslipidemia, % 0.121

Yes 15 (62.5) 6 (37.5)

No 9 (37.5) 10 (62.5)

Abbreviations: BMI, body mass index; BSA, body surface area; CPK,
creatinine phosphokinase; ERO, effective regurgitant orifice.
Continuous data are presented as mean ± standard deviation and
categorical data as n (%).
aP < 0.05, indicated significantly different between ERO levels.

P < 0.05. All statistical analyses were performed with SPSS
18.0 for Windows (IBM, Armonk, NY).

Results
Demographics of Study Population

The study population consisted of 40 patients (36 males
and 4 females). Age, body mass index, and body surface
area were comparable between groups (Table 1). Table 1
presents the patients characteristics by ERO levels: ERO
<20 mm2 and ERO ≥20 mm2. Patients with an ERO ≥20
mm2 had a higher rate of inferior location compared to those
with an ERO <20 mm2 (P = 0.027).

Reproducibility of Measurements

The intraobserver and interobserver variability was com-
parable when measuring the edge length of the mitral
tetrahedron in 20 patients (Table 2). This implies that there
was good reproducibility of measurement regardless of the
operator.
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Table 2. Inter- and Intraobservational Variability in Measuring Edge
Lengths

Interobservational
Variabilitya

Intraobservational
Variabilitya

Edge Length of
Mitral Tetrahedron, mm ICCinter

b SEE ICCIntra
b SEE

DAP 0.72 1.16 0.77 1.08

DAL 0.92 2.63 0.91 2.77

DAM 0.89 2.61 0.93 2.11

DPL 0.89 2.59 0.97 1.49

DPM 0.93 1.86 0.95 1.67

DML 0.90 1.89 0.97 1.1

Abbreviations: DAL, the distance between the root of lateral papillary
muscle and the anterior annulus; DAM, the distance between the root
of medial papillary muscle and the anterior annulus; DAP, distance
between the anterior and posterior annulus; DML, the interpapillary
muscle roots distance; DPL, the distance between the root of lateral
papillary muscle and the posterior annulus; DPM, the distance between
the root of medial papillary muscle and the posterior annulus; SEE,
standard error of estimation.
aInter- and intraobservational variability presented as inter- and
intracorrelation coefficients (ICCinter and ICCIntra) with SEE of ICCs. bAll
ICCs are significant with a P value <0.001.

Measurements of Mitral Deformation, LV Remodeling, and
the Mitral Tetrahedron

Table 3 shows the association of ERO levels with
echocardiographic variables. The data show that the
patients in the ERO ≥20 mm2 group had a greater
tenting area, mitral annular area, LVEDV, and spherical
index at systole compared with the ERO <20 mm2 group
(P < 0.05). Conversely, LVEF was greater in the ERO <20
mm2 group compared with the ERO ≥20 mm2 group
(P < 0.05). Furthermore, with regard to the edge length
of the mitral tetrahedron, the DML was also significantly
greater in patients with a high ERO level compared to those
with a low ERO level. (25.38 ± 5.92 vs 20.29 ± 2.65 mm,
P = 0.004).

Determinants of the Severity of IMR

Overall, the ERO measurement was positively corre-
lated with tenting area (r = 0.574, P < 0.001), LVEDV
(r = 0.352, P < 0.05), spherical index at systole (r = 0.458,
P < 0.01), and DML of edge length of mitral tetra-
hedron (r = 0.449, P < 0.01) (Table 4). There was
a negative ERO measurement correlation with LVEF
(−0.279, P = 0.081), although it was not statistically
significant.

The univariate and multivariate logistic regression analy-
sis for identifying the risk factors associated with significant
IMR (ERO ≥20 mm2 vs <20 mm2) are summarized in
Table 5. The stepwise logistic regression analysis shows
that significant IMR was significantly associated with
tenting area (odds ratio [OR]: 280.49, 95% confidence
interval [CI]: 4.59-1.72 × 104, P = 0.007] and DML (OR: 1.50,
95% CI: 1.03-2.19, P = 0.036).

Table 3. Patients’ Echocardiographic Variables by ERO Level

Variables
ERO <20

mm2 (n = 24)
ERO ≥20

mm2 (n = 16) P Value

Tenting area, cm2 0.61 ± 0.24 0.99 ± 0.29 < 0.001a

Mitral annular area, cm2 6.44 ± 0.98 7.13 ± 0.95 0.032a

LVEDV, mL 70.49 ± 18.52 88.06 ± 33.36 0.039a

LVESV, mL 28.51 ± 12.28 45.74 ± 33.62 0.065

Spherical index at systole 0.40 ± 0.09 0.49 ± 0.09 0.004a

LVEF, % 61.23 ± 7.53 52.64 ± 14.46 0.041a

Edge length of mitral tetrahedron, mm

DAP 26.92 ± 2.02 27.88 ± 2.03 0.150

DAL 47.71 ± 5.51 49.06 ± 5.73 0.458

DAM 50.88 ± 5.38 52.13 ± 5.16 0.469

DPL 46.63 ± 4.42 47.81 ± 6.12 0.480

DPM 46.42 ± 4.79 46.38 ± 4.87 0.979

DML 20.29 ± 2.65 25.38 ± 5.92 0.004a

Abbreviations: DAL, the distance between the root of lateral papillary
muscle and the anterior annulus; DAM, the distance between the root of
medial papillary muscle and the anterior annulus; DAP, distance between
the anterior and posterior annulus; DML, the interpapillary muscle roots
distance; DPL, the distance between the root of lateral papillary muscle
and the posterior annulus; DPM, the distance between the root of
medial papillary muscle and the posterior annulus; ERO, effective
regurgitant orifice; LVEDV, left ventricular end-diastolic volume; LVEF,
left ventricular ejection fraction; LVESV, left ventricular end-systolic
volume.
Data are presented as mean ± standard deviation.
aP < 0.05 indicates a significant difference between ERO levels.

Discussion
This study demonstrated that significant ischemic MR
occurred in more than one-third of patients with a previous
myocardial infarction, especially the patients with inferior
wall MI. The increase of ERO was associated with an
increase of systolic mitral valvular tenting, LV end-diastolic
volume, sphericity of the LV, and interpapillary muscle
distance. The major determinant of significant IMR is the
systolic mitral valvular tenting along with interpapillary
muscle distance. The findings of this study provided possible
targets to ameliorate IMR.

Mitral Tetrahedron

The presence of IMR after MI or in ischemic cardiomy-
opathy has an adverse prognosis.2–4,24 The primary goal
of current studies is to elucidate the mechanism of IMR
and develop an appropriate treatment modality. Several
mechanisms have been proposed such as mitral valve
tethering due to global LV dilatation or local LV remodeling,
mitral annular dilatation or loss of annular contraction, and
LV systolic dysfunction.6,11–15,25 However, the variables in
these studies, such as tethering distance, papillary muscle
displacement, and mitral annular diameter, have mostly
been assessed by 2D echocardiography. These 2D imaging
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Table 4. Correlation of ERO With Echocardiographic Variables

Echocardiographic Variables ERO, mm2 (r) P Value

Tenting area, cm2 0.574 < 0.001a

Mitral annular area, cm2 0.207 0.201

LVEDV, mL 0.352 0.026a

LVESV, mL 0.294 0.066

Spherical index at systole 0.458 0.003a

LVEF, % −0.279 0.081

Edge length of mitral tetrahedron, mm

DAP 0.145 0.370

DAL 0.206 0.202

DAM 0.209 0.196

DPL 0.186 0.251

DPM 0.075 0.645

DML 0.449 0.004a

Abbreviations: DAL, the distance between the root of lateral papillary
muscle and the anterior annulus; DAM, the distance between the root of
medial papillary muscle and the anterior annulus; DAP, distance between
the anterior and posterior annulus; DML, the interpapillary muscle roots
distance; DPL, the distance between the root of lateral papillary muscle
and the posterior annulus; DPM, the distance between the root of
medial papillary muscle and the posterior annulus; ERO, effective
regurgitant orifice; LVEDV, left ventricular end-diastolic volume; LVEF,
left ventricular ejection fraction; LVESV, left ventricular end-systolic
volume.
Results are expressed as coefficients of Pearson correlation analysis.
aIndicates a significant correlation.

planes may miss the true distance and cannot realize
the spatial relationship. Yu et al. utilized MRI, which can
translate the data into 3D information, and proposed the
mitral tetrahedron as a method to assess the relation of
LV remodeling with mitral apparatus and IMR.17 A mitral
tetrahedron is defined by its 4 vertices at the medial, lateral
papillary muscle roots, and the anterior and posterior mitral
annulus (Figure 1). One pertinent difference in the method-
ology of this study was that the roots of papillary muscle
rather than the tips were used as measurement points. This
was because the tips of papillary muscle are branched and
the connection point of the chordae tendinea and the tips
of papillary muscle are not clear, which may interfere with
the measurement. Nonetheless, MRI cannot quantify the
degree of IMR and cannot precisely delineate mitral valvular
deformation such as tenting area and coaptation height.
Advancements in 3D echocardiography allow assessment
of the spatial relationship of the LV and mitral apparatus.
In the present study, we demonstrated the measurement of
the mitral tetrahedron by 3D echocardiography. Thus, we
compared mitral valvular deformity, the severity of ERO,
and the mitral tetrahedron by 2D and 3D echocardiography
simultaneously. This provided a novel and convenient
method for studying the mechanism of IMR. Compared
with the study by Yu et al.,18 the present study evaluated
patients in the relatively early stage of IMR and facilitated in

deducing the possible initial trigger because of ‘‘MR begets
MR.’’ We showed that the interpapillary distance may be the
most significant factor in the early stages of LV remodeling.

Determinants of IMR
The generation of IMR is involved with several mecha-
nisms; although, incomplete closure of the normal mitral
leaflet is currently thought to be the main cause.10,11,26

Additional mechanisms include LV dilatation, LV systolic
dysfunction, and mitral annular dilatation.13,15,25 Several
recent studies postulated that LV remodeling caused
displacement of papillary muscles, and resultant tethering
of mitral leaflets restricts the closure of mitral leaflets and
results in mitral valvular tenting. The systolic mitral valvular
tenting correlated well with ERO. LV dilatation and annular
dilatation demonstrated a minor role in the determination
of IMR.13,15,26

In the present study, we also demonstrated that the
strongest correlation with ERO is systolic mitral valvular
tenting. The degree of LV enlargement was a minor factor
in producing IMR, and LV dysfunction was not associated
with IMR. One inconsistency with previous studies is that
the mitral annular area did not correlate with ERO, although
it had a good association with the mitral tenting area (Sup-
plementary Table 1). Because the ratio of leaflets to annular
area is >2,27 if the annulus is not large enough, incomplete
coaptation of mitral leaflets will not occur.28 This may explain
why annular size played a minor role in causing IMR in some
studies.25,28,29 The relatively small annular size in this study,
presumably due to less severe disease, may be why there
was no correlation between the mitral annular area and ERO.

Most studies confirmed that mitral valve tenting can
predict IMR,13,15,26 and a recent study reveled that only
increased tenting area was predictive of progression of MI
over time,30 but these studies have rarely mentioned or
investigated the role of interpapillary muscle distance in
IMR. Our study provides new information about factors
that may contribute to IMR. We demonstrated that besides
mitral valvular tenting, interpapillary muscle distance
is strongly correlated with ERO, and as such is an
independent predictor of significant IMR. Papillary muscle
separation may cause tethering of both leaflets toward
the direction parallel to the coaptation line and distort
the coaptation geometry,17,29,31 lessening the force for
mitral valve coaptation and resulting in incomplete closure
of normal mitral leaflets. Because an increase in mitral
valvular tenting reflects apical tethering of the mitral valve,
and an increase in the interpapillary muscle distance causes
medial-lateral tethering of the mitral valve (leading to poor
coaptation near the central mitral valve), it is apparent
that abnormalities in either of these anatomical factors
can contribute to the likelihood of IMR. In this study,
LV remodeling, either after anterior MI or inferior MI,
involving papillary muscle separation led to significant MR.
The stepwise regression analysis demonstrated that the
interpapillary muscle distance also determines the severity
of IMR beyond the tenting area. For those cases having
the same tenting area, the increased interpapillary muscle
distance will lessen the force of mitral valve coaptation.

Unlike the results of previous studies,16,17 this study
showed that only DML was associated with MR severity.
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Table 5. Risk Factors Associated With Significant Ischemic Mitral Regurgitation

Variables Univariate, OR (95% CI) P Value Multivariate, OR (95% CI) P Value

Tenting area, cm2 181.95 (7.275-4.55 × 103) 0.002a 280.49 (4.59-1.72 × 104) 0.007a

Mitral annular area, cm2 1.007 (1.000-1.015) 0.043a —

LVEDV, mL 1.030 (0.999-1.062) 0.061 —

LVESV, mL 1.040 (0.998-1.084) 0.063 —

Spherical index at systole 6.8 × 104 (12.749-3.67 × 108) 0.011a —

LVEF, % 0.927 (0.863-0.995) 0.036a —

Edge length of mitral tetrahedron, mm —

DAP 1.271 (0.914-1.767) 0.154 —

DAL 1.046 (0.932-1.174) 0.448 —

DAM 1.048 (0.926-1.185) 0.459 —

DPL 1.048 (0.924-1.188) 0.470 —

DPM 0.998 (0.872-1.142) 0.978 —

DML 1.371 (1.083-1.737) 0.009a 1.50 (1.03-2.19) 0.036a

Abbreviations: DAL, the distance between the root of lateral papillary muscle and the anterior annulus; DAM, the distance between the root of medial
papillary muscle and the anterior annulus; DAP, distance between the anterior and posterior annulus; DML, the interpapillary muscle roots distance; DPL,
the distance between the root of lateral papillary muscle and the posterior annulus; DPM, the distance between the root of medial papillary muscle and
the posterior annulus; ERO, effective regurgitant orifice; LVEDV, Left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left
ventricular end-systolic volume.
Results are expressed as odds ratio (OR) with respective 95% confidence interval (95% CI) and P value.
aP < 0.05.

Failure to demonstrate an association of factors other than
DML with MR may be due to the fact that the subject popula-
tion consisted of earlier stage MR, and that LV remodeling
was also in the early stage. Relatively speaking, the absence
of a statistically significant association between the other
5 edge lengths and MR severity may be interpreted to
indicate that DML is the most important and the earliest
factor influencing the development of MR.

The pattern of mitral tenting might also be a determinant
in IMR severity. A recent study comparing the MR caused
by ischemic heart disease and by dilated cardiomyopathy
found that with the same increment of mitral valvular
tenting area, MR is more severe if the pattern of mitral
valvular deformity is asymmetrical. The asymmetrical
tethering causes poor coaptation and greater incomplete
closure of mitral leaflets and subsequently more severe
MR.32 This explains the higher prevalence of IMR in
patients with inferior MI than in those with anterior MI
in this and previous studies; although, the mitral valvular
tenting area is similar between patients with anterior MI
and inferior MI in our study (Supplementary Table 2).

Clinical Implications

Ring annuloplasty for annular size reduction is the current
surgical procedure for IMR. However, persistent MR and
high recurrent rates at long-term follow-up visits have been
reported.33–35 Our data demonstrated that annular enlarge-
ment per se is not the major cause of IMR. Future surgical
intervention may focus on the correction of papillary muscle
separation and the causes of mitral valvular tenting, such as

leaflet tethering, to improve the coaptation of mitral leaflets.
Routine 3D echocardiography for measurement of mitral
tetrahedron in evaluation of IMR may help to determine the
cause and subsequent selection of the treatment method.

Study Limitations

In the present study, we used the concept of the mitral
tetrahedron to assess the geometric change of the LV.
The true tethering distance could not be recognized
with this method. Moreover, the resolution of the 3D
echocardiographic images was relatively low. The relatively
long period of time that elapsed between when patients
were recruited for this study (ie, 2005–2006) and when
the results were first submitted for publication, meant
that relatively old imaging software (eg, QLAB 4.1) was
used when this study was conducted. In the interim,
the imaging software has been updated (eg, QLAB 9.0).
Further advances in 3D echocardiography imaging software
and offline analysis may improve the measurement of the
mitral tetrahedron. Additionally, we did not address the
pattern of the mitral valvular deformity in the present
study. Further studies are warranted to understand the
relationship of the pattern of mitral valvular deformity
and the mitral tetrahedron along with the location of the
MR, which may help delineate the mechanism of FMR.
The study population was small, and consisted of both
patients with normal ejection fraction (EF) and patients
with reduced EF. Further investigations with a larger study
population, in which a more detailed subgroup analysis can
be conducted, are required to confirm the results of this
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study. Information regarding the measurement of papillary
muscle root distance on 2D images was not obtained in
this study. However, future studies can potentially use the
findings of this study as a basis for comparing 2D and 3D
measurements of interpapillary muscle distance and their
association with various factors.

Conclusion
In this study, we demonstrated that real-time 3D echocar-
diography was capable of measuring the mitral tetrahedron.
Interpapillary muscle distance was the independent determi-
nant of significant IMR in addition to mitral valvular tenting.
The methods and findings of this study may be applicable
to clinical use and help develop new surgical approaches for
treatment of IMR.
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