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O B J E C T I V E S The purpose of the present study was to assess the anatomy and geometry of the

mitral valve by using 64-slice multislice computed tomography (MSCT).

B A C K G R O U N D Because it yields detailed anatomic information, MSCT may provide more insight

into the underlying mechanisms of functional mitral regurgitation (FMR).

M E T H O D S In 151 patients, including 67 patients with heart failure (HF) and 29 patients with

moderate to severe FMR, 64-slice MSCT coronary angiography was performed. The anatomy of the

subvalvular apparatus of the mitral valve was assessed; mitral valve geometry, comprising the mitral

valve tenting height and leaflet tethering, was evaluated at the anterolateral, central, and posteromedial

levels.

R E S U L T S In the majority of patients, the anatomy of the subvalvular apparatus was highly variable

because of multiple anatomic variations in the posterior papillary muscle (PM): the anterior PM had a

single insertion, whereas the posterior PM showed multiple heads and insertions (n � 114; 83%). The

assessment of mitral valve geometry demonstrated that patients with HF with moderate to severe FMR

had significantly increased posterior leaflet angles and mitral valve tenting heights at the central (44.4°

� 11.9° vs. 37.1° � 9.0°, p � 0.008; 6.6 � 1.4 mm/m2 vs. 5.3 � 1.3 mm/m2, p � 0.0001, respectively) and

posteromedial levels (35.9° � 10.6° vs. 26.8° � 10.1°, p � 0.04; 5.4 � 1.6 mm/m2 vs. 4.1 � 1.2 mm/m2,

p � 0.0001, respectively), as compared with patients with HF without FMR. In addition, a more outward

displacement of the PMs, reflected by a higher mitral valve sphericity index, was observed in patients

with HF with FMR (1.4 � 0.3 vs. 1.2 � 0.3, p � 0.004). Mitral valve tenting height at the central level and

mitral valve sphericity index were the strongest determinants of FMR severity.

C O N C L U S I O N S MSCT provides anatomic and geometric information on the mitral valve appara-

tus. In patients with HF with moderate to severe FMR, a more pronounced tethering of the mitral leaflets

at the central and posteromedial levels was demonstrated using MSCT. (J Am Coll Cardiol Img 2009;

2:556–65) © 2009 by the American College of Cardiology Foundation
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unctional mitral regurgitation (FMR) is as-
sociated with poor outcome in patients with
coronary artery disease and left ventricular
(LV) dysfunction (1–3). One of the charac-

eristics of FMR, different than organic mitral
egurgitation, is the preserved anatomy of the leaf-
ets and tendinous cords. Accordingly, mitral valve
epair is a suitable surgical procedure to treat FMR.

owever, the results still remain controversial
4–7). The complex pathophysiology of FMR
akes for a challenging surgery. Several underlying
echanisms may contribute to FMR: LV remod-

ling, wall motion abnormalities, displacement of
he papillary muscles (PMs) or mitral annulus
eformation (8). All of these mechanisms result in
ethering of the mitral valve with failure of antero-
osterior leaflet coaptation.

See page 566

Recent advances in 3-dimensional imaging tech-
iques have allowed for a better understanding of
he aforementioned changes in the mitral valve
pparatus and LV geometry (9,10). Subsequently,
ew strategies for surgical mitral valve repair have
een proposed (11,12). Multislice computed to-
ography (MSCT) may be a valuable technique to

tudy LV geometry and mitral valve anatomy and
eometry. Therefore, the purpose of the present
tudy was to assess the anatomy and geometry of
he mitral valve and LV with the use of 64-slice

SCT in a large cohort of patients, including
atients with FMR.

E T H O D S

tudy population. A total of 151 consecutive pa-
ients referred to Leiden University Medical Center
Leiden, the Netherlands) for MSCT coronary
ngiography were studied. The study population
as divided into 2 groups: group I (control patients;
� 84) comprised patients without coronary artery

isease or structural heart disease and group II
heart failure [HF] patients; n � 67) comprised
atients with HF and documented LV systolic
ysfunction. The anatomy and geometry of the
itral valve were examined, and differences be-

ween the 2 patient groups were assessed. In addi-
ion, differences in mitral valve geometry between

Fpatients with and without moderate to severe
MR were assessed.
ata acquisition: MSCT. All of the patients under-

ent scanning on a 64-slice MSCT scanner (Aq- t
ilion, Toshiba Medical Systems, Tokyo, Japan)
sing the following protocol: 120 kV, 300 mA,
otation time of 400 to 500 ms (depending on the
eart rate), and collimation of 64 � 0.5 mm. A total
f 80 to 110 ml of nonionic contrast medium
Iomeron 400, Bracco, Altana Pharma, Konstanz,
ermany) was administered in the antecubital vein

t 5 ml/s. Automated peak enhancement detection
n the descending aorta was used to time the
ontrast bolus. Data acquisition started automati-
ally after the threshold level of �100 Hounsfield
nits was reached, and it was performed during an
nspiratory breath-hold of 8 to 10 s. The electro-
ardiogram was recorded simultaneously to allow
etrospective gating and reconstruction of the data
t desired phases of the cardiac cycle. Data acqui-
ition was performed at a rotation time of 400 ms,
esulting in a temporal resolution of 200 ms in case
f half reconstruction. In those patients with heart
ates �70 beats/min, 3 cardiac beats were acquired,
esulting in a segment reconstruction al-
orithm with slightly lower temporal re-
onstruction. All images were transferred
o a dedicated workstation for data analy-
is (Vitrea 2, Vital Images, Plymouth,

innesota).
ata analysis. To study the anatomy and
eometry of the mitral valve and LV, the
ata set was reconstructed with a slice
hickness of 0.5 mm and a reconstruction
nterval of 0.3 mm at 30% and 75% of the
R interval for the systolic and diastolic
hases, respectively. Standard orthogonal
lanes were used to assess the anatomy of the mitral
alve apparatus. A reconstructed LV short-axis view
as used to assess the mitral valve geometry. All
arameters were corrected for body surface area.
natomy of the subvalvular apparatus. Recon-
tructed long-axis 2- and 4-chamber views and the
econstructed LV short-axis view in the diastolic
hase were used to study the anatomy of the
ubvalvular apparatus. The anatomy of the PMs was
ssessed focusing on the number of heads (ranging
rom I to III) and the type of insertion to the
entricular wall (type A to C), according to the
lassification of morphologic variants of the PMs
13) (Fig. 1). Furthermore, the attachment of the
asal part of the PMs to the LV wall was studied,
ith special attention to the type of attachment

solid or trabecularized attachment) (Fig. 1).
V geometry. To assess LV volumes and systolic
unction, the data set was reconstructed with a slice

A B B

A N D
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LV �

LVEF

ejectio

MSCT

tomog

PM �
hickness of 5.0 mm in the short-axis view, star
R E V I A T I O N S

A C R O N YM S

functional mitral

itation

heart failure

left ventricular

� left ventricular

n fraction

� multislice computed

raphy
ting at



e
o
w
a
c
w
e
t
d
e
v
c
s
3
L
M
w

o
T
a
p
2
m
a
s

m
b
p
a
p
a
a
l
v
t
p
F
t

i
m
b
P
m
E
c
l
a
G
s

abec

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 2 , N O . 5 , 2 0 0 9

M A Y 2 0 0 9 : 5 5 6 – 6 5

Delgado et al.

Mitral Valve and 64-Slice MSCT

558
arly systole (0% of cardiac cycle) to end diastole (95%
f cardiac cycle) in steps of 5%. Endocardial borders
ere traced manually on the short-axis cine images,

nd the PMs were regarded as being part of the LV
avity. Table 1 summarizes the LV parameters that
ere evaluated. The LV end-diastolic volume and

nd-systolic volume were obtained, and the left ven-
ricular ejection fraction (LVEF) was calculated by the
ifference between LV end-systolic volume and LV
nd-diastolic volume divided by the LV end-diastolic
olume (Table 1). The sphericity index of the LV was
alculated with the use of the following equation: LV
phericity index � end-diastolic volume/([LAD3 �
.14]/6], where LAD is the long-axis diameter of the
V (14).
itral valve geometry. The mitral valve geometry
as assessed in the reconstructed systolic phase. An

Figure 1. Assessment of Subvalvular Apparatus of the Mitral Va

The anatomic variations of the papillary muscles (PMs) were classifi
Berdajs et al. [13], with permission) (left). The number of PM heads
tions could be common (subtype A) or divided (subtype B or C). Ex
insertions (middle). The attachment of 2 type I PMs showed thin tr

Table 1. Summary of the Left Ventricle and Mitral
Valve Variables

Left ventricle

LV end-diastolic volume index

LV end-systolic volume index

LV ejection fraction

LV sphericity index

Mitral valve

Mitral annulus area

Intercommisural diameter

Anteroposterior diameter

Mitral valve sphericity index

Distance between heads of papillary muscles

Anterior leaflet angle

Posterior leaflet angle

Tenting height
dLV � left ventricular.
verview of the measured variables is shown in
able 1. With the use of 2- and 4-chamber views

nd the reconstructed LV short-axis view, a plane
arallel to the mitral valve was reconstructed (Fig.
). At the level of the mitral valve annulus, the
itral annulus area was calculated by planimetry,

nd the anteroposterior diameter and intercommis-
ural diameter were measured (Fig. 2).

Subsequently, a second plane parallel to the
itral valve was reconstructed that clearly visualized

oth mitral commissures. Three anteroposterior
lanes perpendicular to this plane were defined to
ssess the geometry of the anterolateral, central, and
osteromedial parts of the mitral leaflets (Fig. 3). In
ll 3 planes, the degree of leaflet tethering was
ssessed by measuring the angle at which each
eaflet met the mitral annulus plane (Fig. 3). Mitral
alve tenting height, defined as the distance be-
ween the leaflet coaptation and mitral annulus
lane, was also measured in all 3 planes (Fig. 3) (9).
inally, in the systolic phase, the distance between

he heads of PMs was measured (Fig. 4).
As an estimate of PM displacement, the spheric-

ty index of the mitral valve was calculated (9). The
itral valve sphericity index was defined as the ratio

etween the distance at the level of the basis of the
Ms and the distance between this level and the
itral annulus plane (Fig. 5).
chocardiography. Standard 2-dimensional echo-
ardiography was performed with patients in the
eft lateral decubitus position with a commercially
vailable ultrasound system (Vingmed Vivid 7,
eneral Electric-Vingmed, Milwaukee, Wiscon-

in). Images were obtained with a 3.5-MHz trans-

ccording to the number of heads and insertions (modified from
ld range from 1 to 3 (type I, II, and III, respectively), and the inser-
le of a type III/B posterior PM, demonstrating 3 PM heads, with 2
ulae upholstering the surface of the LV wall (right).
lve

ed a
cou
amp
ucer at a depth of 16 cm in the parasternal (long-
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nd short-axis) and apical (2- and 4-chamber)
iews. Standard 2-dimensional grayscale images
nd color Doppler data were digitally stored in
ine-loop format. LVEF was calculated from apical
- and 4-chamber views with the biplane Simpson’s
ule (15). The severity of mitral regurgitation was
raded quantitatively from color flow Doppler in
he conventional parasternal long-axis and apical
-chamber views, using the proximal isovelocity
urface area method. Effective regurgitant orifice
rea and regurgitant volume were calculated, and
itral regurgitation was characterized according to

he American College of Cardiology/American
eart Association guidelines: mild (regurgitant or-

fice area �0.2 cm2 and regurgitant volume �30
l/beat), moderate (regurgitant orifice area 0.2 to

.39 cm2 and regurgitant volume 30 to 59 ml/beat),
r severe (regurgitant orifice area �40 cm2 and
egurgitant volume �60 ml/beat) (16).
tatistical analysis. Continuous variables are pre-

Figure 2. Assessment of the Mitral Valve Annulus Geometry

From the 2- and 4-chamber views (A and B), a short-axis view at th
mitral annulus was quantified by planimetry. In addition, the interc
lus were assessed (D). Ao � aorta; LA � left atrium; LV � left ventr
ventricle.
ented as mean � SD; categoric variables are pre- v
ented as frequencies and percentages. Differences
etween the 2 patient groups (controls vs. HF pa-
ients) were compared with the unpaired Student t test
or continuous variables and the chi-square tests for
ichotomous variables. Differences between HF pa-
ients with moderate to severe FMR and HF patients
ithout FMR were evaluated with the unpaired Stu-
ent t test. In addition, univariate linear regression
nalysis was performed to correlate various MSCT
ata on mitral valve geometry (mitral valve tenting
eight, anterior and posterior leaflet angles, and mitral
alve sphericity index) with the effective regurgitant
rifice area obtained from echocardiography. Subse-
uently, major determinants of FMR severity were
ssessed among MSCT data on mitral valve geometry
ith a significant correlation in the univariate analysis

p � 0.05). For this purpose, multivariate linear
egression analysis based on enter multiple regression
nalysis was performed. The dependent variable was
he effective orifice regurgitant area, and independent

vel of the mitral annulus was reconstructed (C). The area of the
issural diameter and anteroposterior diameter of the mitral annu-

; MAA � mitral annulus area; RA � right atrium; RV � right
e le
omm
icle
ariables were anterior and posterior mitral leaflet



a
c
s

t
a
w
s
e
s
e
i
c

s
n
w

R

B
(
T
c
[
w
t

missure; RA � right atrium; RVOT � right ventricular outflow tract.

the black arrow.

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 2 , N O . 5 , 2 0 0 9

M A Y 2 0 0 9 : 5 5 6 – 6 5

Delgado et al.

Mitral Valve and 64-Slice MSCT

560
ngles and mitral tenting height at anterolateral,
entral, and posteromedial levels and the mitral valve
phericity index.

The reproducibility for the assessment of the
enting height and posterior and anterior leaflet
ngle at each level of the mitral valve was analyzed
ith repeated measurements by 1 experienced ob-

erver at 2 different time points and by a second
xperienced observer. Intraobserver and interob-
erver agreements for these measurements were
valuated by Bland-Altman analysis. Furthermore,
ntraclass correlation coefficients were used as indi-
ators of reproducibility.

All statistical analyses were performed with SPSS
oftware (version 12.0, SPSS Inc., Chicago, Illi-
ois). All statistical tests were 2-sided, and p � 0.05
as considered statistically significant.

E S U L T S

aseline characteristics. A total of 151 patients
mean age 60 � 11 years; 87 men) were studied.
he overall population was divided into 2 groups:

ontrols (n � 84) and HF patients (n � 67; 36
54%] with ischemic cardiomyopathy and 31 [46%]
ith idiopathic cardiomyopathy). Baseline charac-

rt-axis view, at the level of the mitral commissures, were defined
posteromedial (A3-P3) parts of the mitral leaflets. The leaflet

tral valve tenting height were measured in all 3 planes. A� �

tenting height; P� � posterior leaflet angle; PC � posterior com-
Figure 3. Assessment of the Mitral Valve Geometry

Three anteroposterior planes perpendicular to the reconstructed LV sho
to assess the geometry of the anterolateral (A1-P1), central (A2-P2), and
angles (A� and P�, as a reflection of tenting of the leaflets) and the mi
anterior leaflet angle; AC � anterior commissure; MVTht � mitral valve
Figure 4. Displacement of Papillary Muscles

At the reconstructed systolic phase, the distance between the
heads of the papillary muscles was measured, as indicated by
eristics of the 2 groups are shown in Table 2.
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natomic variations of subvalvular apparatus. In the
ajority of the patients, the anterior PM had a

ingle insertion in the LV wall, either with 1 PM
ead (type I; n � 75 [50%]) or 2 PM heads (type
IA; n � 49 [33%]). Other anatomic variations of
he anterior PM are listed in Table 3. In contrast,
he anatomy of the posterior PM was more variable,

Figure 5. Sphericity Index of the Mitral Valve

The sphericity index of the mitral valve was calculated as the
ratio between the distance at the level of the papillary muscles
basis (x) and the distance between this level and the mitral
annulus plane (y).

Table 2. Baseline Characteristics of the Study Population

Controls
(n � 84)

HF
Patients
(n � 67)

Age, yrs 57 � 11 63 � 11*

Gender, M/F 47/37 40/27

Body surface area, m2 1.9 � 0.2 1.9 � 0.2

Hypertension, n (%) 37 (44) 29 (43)

Hypercholesterolemia, n (%) 32 (38) 27 (40)

Diabetes mellitus, n (%) 29 (35) 15 (22)

Smoking, n (%) 24 (29) 27 (40)

Positive family history, n (%) 25 (30) 24 (36)

Previous myocardial infarction, n (%) 0 23 (34)

Anterior location, n (%) 0 14 (23)

Inferior location, n (%) 0 9 (14)

MR severity, n (%)

Non-MR 54 (64) 4 (6)

Mild 30 (36) 44 (51)

Moderate 0 14 (21)

Severe 0 15 (22)

*p � 0.002.
vHF � heart failure; MR � mitral regurgitation.
howing multiple PM heads or multiple PM inser-
ions in the majority of the patients (Table 3).

In addition, the type of attachment of the PMs to
he LV wall was assessed. In all patients, the solid
ody of the PM connected to the solid portion of
he LV wall through a network of trabeculae cov-
ring the surface of the LV cavity. This type of
ttachment was seen for both the anterior PM and
osterior PM in all patients.
V and mitral valve geometry. The HF patients
howed significantly larger LV volumes and lower
VEFs compared with controls (Table 4). In addi-

ion, the LV sphericity index was significantly
ncreased in the HF patients (0.4 � 0.1 vs. 0.3 �
.1; p � 0.001).
The area of the mitral annulus was significantly

igher in HF patients compared with that of
ontrols (Table 4), indicating annular dilatation. In
ddition, both the anteroposterior diameter and
ntercommissural diameter of the mitral annulus
ere increased in the HF patients.
The mitral valve sphericity index was defined as

he ratio between the distance at the level of the
asis of the PMs and the distance between this level
nd the mitral annulus plane (Fig. 5). In the HF
atients, a significantly greater distance between the
ases of the PMs was observed (15.4 � 1.8 mm/m2

s. 11.3 � 2.4 mm/m2; p � 0.001). In addition, the
istance between the mitral annulus level and the
M line was significantly different (24.9 � 4.3
m/m2 vs. 22.3 � 3.6 mm/m2; p � 0.0001). As a

onsequence, the mitral valve sphericity index was
ignificantly larger in HF patients (Table 4).

In addition, the distance between the heads of
he PMs was also significantly longer in HF pa-
ients (Table 4). Finally, HF patients showed a
ignificant increase in the leaflet angles with a
ignificantly higher tenting height at all 3 levels of
he mitral valve (Table 4).
itral valve geometry in patients with FMR. Among
F patients, 29 patients showed on echocardiog-

aphy moderate to severe FMR (mean regurgitant

Table 3. Anatomic Variations of the Papillary Muscles (n � 151)

Type
Anterior

Papillary Muscle
Posterior

Papillary Muscle

I 75 (50%) 31 (21%)

IIA 49 (33%) 43 (29%)

IIB 15 (10%) 48 (32%)

IIIA 8 (5%) 6 (4%)

IIIB 4 (3%) 14 (9%)

IIIC 0 9 (6%)
olume 64.6 � 21.8 ml/beat and mean effective
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egurgitant orifice area 0.4 � 0.1 cm2). For the
etection of changes in mitral valve geometry in
MR, HF patients with moderate to severe FMR

n � 29) were compared with HF patients without
MR (n � 38). Previous history of inferior myo-
ardial infarction was present in 2 (7%) HF patients
ith moderate to severe FMR and in 7 (18%) HF
atients without (p � 0.11). The patients with
oderate to severe FMR had comparable LV vol-

mes and LVEFs to patients without FMR (Table
). The mitral annulus area was significantly larger
mong patients with moderate to severe FMR, with
significantly larger CC diameter (Table 5).
The distance between the basis of the PMs was

onger in HF patients with moderate to severe
MR compared with HF patients without FMR

16.5 � 2.6 mm/m2 vs. 14.7 � 2.7 mm/m2,
espectively; p � 0.006). There were no differences
n the distance between the PM line and mitral
nnulus plane between the groups of patients (25.1

3.5 mm/m2 vs. 24.8 � 4.9 mm/m2; p � 0.8).
onsequently, the sphericity index of the mitral

alve was significantly higher in HF patients with
oderate to severe FMR (Table 5). In addition, the

lar and Mitral Valve Geometry in the Study Population

Controls
(n � 84)

HF Patients
(n � 67) p Value

63 � 15 95 � 33 �0.0001

23 � 9 66 � 31 �0.0001

62 � 13 33 � 12 �0.001

0.3 � 0.1 0.4 � 0.1 �0.001

ex, cm2/m2 4.8 � 0.9 5.8 � 1.4 �0.0001

21.6 � 2.5 23.6 � 2.9 �0.0001

12.5 � 2.1 15.0 � 2.7 �0.0001

index 1.2 � 0.2 1.3 � 0.3 0.02

11.3 � 2.4 15.4 � 2.8 �0.0001

°

24.6 � 8.1 29.8 � 9.6 �0.001

24.6 � 7.0 32.2 � 9.8 �0.001

23.6 � 7.6 28.6 � 10.0 0.001

°

27.1 � 8.6 30.7 � 10.3 0.02

34.7 � 9.6 40.3 � 10.9 0.001

28.4 � 8.7 32.8 � 10.5 0.006

3.4 � 0.9 4.5 � 1.2 �0.0001

4.2 � 1.1 5.8 � 1.5 �0.0001

3.4 � 0.9 4.6 � 1.5 �0.0001

oposterior diameter; CC-D � mitral valve intercommissural diameter; D-PM �
ads of the papillary muscles; HF � heart failure; LVEDV � left ventricular
; LVEF � left ventricular ejection fraction; LVESV � left ventricular end-systolic
itral valve tenting height.
istance between the heads of the PMs was signif- t
cantly longer among HF patients with moderate to
evere FMR (Table 5).

Compared with HF patients without FMR, HF
atients with moderate to severe FMR showed
symmetric deformations of the mitral valve. Par-
icularly, the angles of the posterior leaflet values at
entral and posteromedial levels were significantly
igher, whereas no significant differences were ob-
erved at either the anterolateral level or the angles
f the anterior leaflet (Table 5). As a consequence,
he differences in mitral valve tenting height were
ore prominent at the central and posteromedial

evels (Table 5).
SCT determinants of FMR severity. All MSCT-
erived parameters on mitral valve geometry
mitral valve tenting height, anterior and poste-
ior leaflet angles, and mitral valve sphericity
ndex) showed a significant correlation with the
ffective regurgitant orifice area assessed by echo-
ardiography in all 3 levels of the mitral valve
anterolateral, central, and posteromedial) (Table 6).

owever, on multivariate analysis, the mitral-
alve tenting height at the central level (r � 0.58;
� 0.0001) and the mitral valve sphericity index

r � 0.36; p � 0.0001) were the strongest
eterminants of FMR severity.
eproducibility data. In 15 randomly selected pa-
ients, reproducibility data was assessed. The in-
raobserver agreement for the tenting height and
eaflet angle measurements was good. The average
ifferences were 0.9 � 1.4% for the tenting height,
3.3 � 5.7% for the posterior leaflet angle, and
0.8 � 4.9% for the anterior leaflet angle. The

ntraclass correlation coefficients for each intraob-
erver comparison were 0.92 for the tenting height,
.86 for the posterior leaflet angle, and 0.85 for the
nterior leaflet angle.

Similarly, agreement of the measurements by 2
ifferent observers was good. The average differ-
nces were 0.1 � 1.2% for the tenting height, 0.9 �
.9% for the posterior leaflet angle, and �0.4 �
.4% for the anterior leaflet angle. The intraclass
orrelation coefficients for each interobserver com-
arison were 0.84 for the tenting height, 0.83 for
he posterior leaflet angle, and 0.84 for the anterior
eaflet angle.

I S C U S S I O N

he present study demonstrates that MSCT en-
bles a comprehensive assessment of the mitral
alve apparatus by providing an exact characteriza-
Table 4. Left Ventricu

LVEDV index, ml/m2

LVESV index, ml/m2

LVEF, %

LV sphericity index

Mitral annulus area ind

CC-D index, mm/m2

AP-D index, mm/m2

Mitral valve sphericity

D-PM index, mm/m2

Anterior leaflet angle,

Anterolateral

Central

Posteromedial

Posterior leaflet angle,

Anterolateral

Central

Posteromedial

MVTHt index, mm/m2

Anterolateral

Central

Posteromedial

AP-D � mitral valve anter
distance between the he
end-diastolic volume index
ion of the anatomy of the subvalvular apparatus
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nd the geometry of the mitral valve. The main
ndings can be summarized as follows: the anatomy
f the subvalvular apparatus is highly variable, with
ariations in the number of heads and insertions of
he anterior and posterior PMs. Furthermore, the
ttachment of the PMs to the LV wall is not solid
ut trabecularized in all patients. With the use of
SCT, an asymmetric deformation of the mitral

alve was observed in HF patients with moderate to
evere FMR. The posterior leaflet angles and the
itral valve tenting height were significantly in-

reased at the central and posteromedial levels, as
ompared with those in HF patients without FMR.
n addition, a more outward displacement of the
Ms, reflected by a higher mitral valve sphericity

ndex, was observed in this subgroup of patients.
he findings of the present study may have impor-

ant implications for surgical mitral valve repair in
atients with severe FMR.
natomic variations of subvalvular apparatus. A large
ariability in the anatomy of the subvalvular appa-
atus was observed in the present study (Fig. 1,
able 3). The characterization of the subvalvular

pparatus may be of great importance for various
urgical mitral valve repair approaches that include
ranslocation or reconstruction and relocation of the
Ms (11,17). Previous anatomic studies have also

eported variations in PM anatomy (13,18). Berdajs
t al. (13) studied 100 structurally normal hearts
nd classified the PMs according to the number of
eads and insertions (Fig. 1). The authors demon-
trated that the anatomy of the posterior PM was
ore heterogeneous compared with that of the

nterior PM (13). The results of the present study
re in line with previous anatomic studies: in the
ajority of the patients, the posterior PM consisted

f multiple heads or multiple insertions, whereas
he anatomy of the anterior PM was more homo-
eneous (Table 3).

In addition to PM anatomy, the characteristics
f the PM attachments to the LV wall were
ssessed in the present study. Conventionally, the
nchorage of the PM to the solid heart wall has
een described as a direct connection with a
road base. However, recently Axel (19) noted
hat the attachment may rather be through a
etwork of trabeculae. In the present study,
imilar attachments of the PMs were found. In all
atients, the bases of the PMs connected to the
olid wall of the LV through a network of
rabeculae instead of a solid attachment (Fig. 1).

he attachment of the PMs to the LV wall may
Table 5. Left Ventricular and Mitral Valve Geometry in HF Patients With and
Without Moderate to Severe FMR

HF Patients With
Moderate to
Severe FMR
(n � 29)

HF Patients
Without FMR

(n � 38) p Value

EROA, cm2 0.4 � 0.1 0.1 � 0.02 �0.0001

Regurgitant volume, ml/beat 64.6 � 21.8 15.6 � 12.3 �0.0001

LVEDV index, ml/m2 101 � 37 91 � 30 0.2

LVESV index, ml/m2 72 � 37 62 � 25 0.2

LVEF, % 32 � 14 33 � 10 0.7

LV sphericity index 0.4 � 0.1 0.3 � 0.1 0.1

Mitral annulus area index, cm2/m2 6.3 � 1.7 5.4 � 0.9 0.02

CC-D index, mm/m2 24.8 � 2.5 22.8 � 2.9 0.006

AP-D index, mm/m2 15.6 � 2.9 14.5 � 2.4 0.1

Mitral valve sphericity index 1.4 � 0.3 1.2 � 0.3 0.004

D-PM index, mm/m2 16.5 � 2.5 14.7 � 2.7 0.006

Anterior leaflet angle, °

Anterolateral 29.9 � 8.3 29.9 � 10.6 0.9

Central 33.2 � 8.6 31.5 � 10.7 0.5

Posteromedial 30.9 � 9.7 26.8 � 10.1 0.1

Posterior leaflet angle, °

Anterolateral 32.3 � 10.9 29.5 � 9.7 0.3

Central 44.4 � 11.9 37.1 � 9.0 0.008

Posteromedial 35.9 � 10.6 26.8 � 10.1 0.04

MVTHt index, mm/m2

Anterolateral 4.8 � 1.2 4.2 � 1.0 0.02

Central 6.6 � 1.4 5.3 � 1.3 �0.0001

Posteromedial 5.4 � 1.6 4.1 � 1.2 �0.0001

EROA � effective regurgitant orifice area; FMR � functional mitral regurgitation; other abbreviations as in
Table 6. MSCT Parameters Determinants of Effective
Regurgitant Orifice Area: Univariate and
Multivariate Analyses

Univariate Multivariate

r p Value p Value

Anterior leaflet angle, °

Anterolateral 0.19 0.02 0.7

Central 0.31 �0.0001 0.3

Posteromedial 0.26 0.001 —

Posterior leaflet angle, °

Anterolateral 0.25 0.002 0.3

Central 0.32 �0.0001 0.9

Posteromedial 0.25 0.002 —

MVTHt index, mm/m2

Anterolateral 0.36 �0.0001 0.5

Central 0.53 �0.0001 �0.0001

Posteromedial 0.43 �0.0001 —

Mitral valve sphericity index 0.36 �0.0001 �0.0001

R2 of the model selected for multivariate analysis � 0.428. The anterior and
posterior leaflet angles and the mitral valve tenting height (MVTHt) at the
posteromedial level were not included in the model because of the high
intercorrelation of these variables (Pearson correlation coefficient �0.70).

MSCT � multislice computed tomography.
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ave implications for surgical mitral valve repair.
owever, the exact clinical importance of this

nding remains to be determined. Nonetheless,
SCT allows for a detailed analysis of the

natomy of the PMs and their attachment to the
V wall.
eometric changes in FMR. The geometry of the
itral valve was studied in 29 HF patients with
oderate to severe FMR and compared with that

f HF patients without FMR (n � 38). In HF
atients with moderate to severe FMR, remodel-
ng of the LV and mitral valve was observed.
mportantly, mitral valve deformation predomi-
antly affected the central and posteromedial
arts of the valve, and the increase in mitral valve
enting height at the central level was the stron-
est determinant of FMR severity. In addition,
he higher sphericity index of the mitral valve
ndicated that the displacement of the PMs plays
role in the development of FMR. These results

re in agreement with previous in vitro and in
ivo studies (9,20). Nielsen et al. (20) used an in
itro LV model to study the impact of PM
isalignment on mitral leaflet coaptation and its

elation with the severity of mitral regurgitation.
he asymmetric displacement of the PMs toward
more posterior level resulted in preserved or

xcessive anterior leaflet motion (prolapse like) at
he anterolateral level (close to the anterior com-
issure), whereas at the posteromedial level

close to the posterior commissure), a failure of
eaflet coaptation was observed (20). Kwan et al.
9) confirmed these results using 3-dimensional
chocardiography in patients with ischemic car-
iomyopathy. An asymmetric deformation of the
itral valve, with a “funnel-shaped” deformity on

he level close to the posterior commissure and a
prolapse-like” deformity on the anterolateral
ide, was noted in patients with ischemic cardio-
yopathy, in contrast to patients with idiopathic

ardiomyopathy (9). The present study confirms
hese results and demonstrates that MSCT may
e of value for assessment of mitral valve remod-
ling in patients with FMR.
eterminants of FMR severity. The geometry pa-
ameters of the mitral valve assessed by 64-slice

SCT were related to the severity of FMR,
articularly the mitral valve tenting height at the
entral level and the sphericity index of the mitral
alve. These findings are in agreement with
revious data based on 2- and 3-dimensional

chocardiography (9). Kwan et al. (9) demon- t
trated using 3-dimensional echocardiography
hat the medial mitral valve tenting area was the
ajor determinant of the severity of mitral regur-

itation in patients with dilated cardiomyopathy.
n addition, the mitral valve sphericity index, as
n indicator of the outward displacement of the
Ms, suggests that FMR severity is also related

o changes in LV cavity geometry, as previously
escribed (21).
linical implications. Accurate assessment of the
nteraction of the LV and mitral valve apparatus
s crucial in surgical treatment of FMR (8). New
urgical techniques that include restoration of LV
eometry and relocation of the PMs have been
roposed (11,17). For these procedures, an exact
haracterization of the LV geometry and subval-
ular apparatus is mandatory. Furthermore, as-
essment of the deformation of the mitral annulus
s important for surgical procedures that attempt
o restore the geometry of the mitral valve (12).
inally, the assessment of leaflet tethering is of
ritical importance and may even predict the
utcome of surgical mitral valve repair (22).
Previously it was demonstrated that MSCT
ay be of value for assessment of mitral valve

natomy (23–25). However, in none of these
tudies, the geometry of the mitral valve and the
nteraction with the LV was studied. In the
resent study, 64-slice MSCT was used to assess
itral valve anatomy and geometry in a large

ohort of patients, including patients with FMR.
y providing detailed information on all compo-
ents of the LV and mitral valve complex, MSCT
ay be of great value to guide surgical therapy for
MR.
tudy limitations. There is little evidence on the
ssessment of regurgitant mitral valve with

SCT (26). In the present study, the regurgitant
rifice area was not quantified with MSCT,
hich is a limitation. Furthermore, surgical data
ere not systematically available in all patients
ith FMR, precluding us to confirm prospec-

ively the value of MSCT in the surgical treat-
ent decision. Future studies, assessing both the

natomic and functional aspects of the mitral
alve with MSCT and with larger populations
ncluding patients with several grades of FMR

ay provide more insight in this issue. Finally,
adiation dose (currently 10 to 15 mSv) is one of
he general disadvantages of MSCT, and adjust-
ents in imaging protocols are warranted to keep
he radiation exposure within limits.
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O N C L U S I O N S

he present study shows that MSCT allows de-
ailed assessment of mitral valve anatomy and ge-
metry. In patients with moderate to severe FMR,
n asymmetric remodeling of the mitral valve was
bserved, with tethering of the mitral leaflets at the
regurgitation in chronic ischemic cor- muscle in chronic i
SCT provides the anatomic and geometric anal-
sis of the mitral valve apparatus and may be of
alue to guide surgical treatment of FMR.
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