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Fig. 7 Mitral valve of a rabbit. Though the lamina fibrosa of the mitral
aoi tic cusp thickens in its upper part there is no definite mitral fibrous ring.
Caudally, a segment of the mitral fibrous ring is interposed between the
atrial and ventricular myocardia. There is a short but thin intervalvar septum
below the base of the left coronary cusp of the aortic valve. The forn of the free
and appositional zones of both cusps is apparent and left atrial fibres extend into
the mural cusp. ( x 15.) (1) Aortic cusp, free zone; (2) mitral ring; (3) mural
cusp, appositional zone.

Walmsley and Watson (1966), and Walmsley and
Watson (1978). It shows in the cadaver the relation
of the mitral valve to other cardiac structures and
the way the heart is orientated inthe thorax. Drawings
ofthe heart in situ, as opposed to photographs, have

been published by Silverman and Hurst (1968) and
Sahn et al. (1975) but give a misleading impression
of the manner in which the heart lies in the chest.

Since Chiechi et al. (1956) reported that the
mitral ring in the human heart is incomplete
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Comparative anatomny of mitral valve

Fig. 3 Oblique section of the heart of a 50-year-old man. The section has passed through the entire left heart, the
proximal part of the ascending aorta, the ventricular septum, and the right ventricle. Between the left coronary aortic
cusp and the base of the aortic (anterior) cusp of the mitral valve there is the intervalvar septum. This is the longest
septum seen in the human hearts that have been examined. ( x 1-5.)

(Fig. 5a). Numerous fine chordae tendineae of the
first order gain attachment to its free edge, and
prevent it being everted into the atrial cavity during
ventricular systole. There is no zone in any cusp in
any animal that shows a greater variation in size and
structure than the appositional zone of the human
mitral aortic cusp, and extremes are shown in Fig.
5a and 5b.
The mitral aortic cusp in the human heart is a

large cusp (Fig. 4), has a semicircular or triangular
form, and the relative lengths of its free and apposi-
tional zones vary along its breadth. The line of
demarcation between the free and appositional
zones may be very apparent to the naked eye when
the whole cusp is inspected, as in Fig. 5a, and is then
called the 'line of closure' of the cusp. In a few
mitral aortic cusps, however, this sharp line of
demarcation between the two cusp zones is absent

(Fig. 5b) and the free zone is then considered to be
that part of the cusp that contains a well-defined
lamina fibrosa. The appositional zone in such cusps
gradually merges into the free zone and the fact that
this may occur is of functional significance: this is
the normal pattern of the mitral aortic cusp in the
dog (see Fig. 9). In the intermediate part of the cusp
the free zone is longer than the appositional zone
(Fig. 5a).

Mural cusp
This cusp is rectangular in form, has a basal attach-
ment that is wider than that of the aortic cusp, but
its length, which is about 12 mm, is little more than
half the length of the aortic cusp: its free border
usually has two or more indentations. The line of
demarcation between the free and appositional zones
is always clearly demarcated and it is readily
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Anatomy of human mitral valve in adult cadaver
and comparative anatomy of the valve
ROBERT WALMSLEY

From The Department of Anatomy and Experimental Pathology, The University, St Andrews, Scotland

SUMMARY A comparative anatomical study of the mitral ring and the 2 major mitral cusps of 12 adult
mammals, including man, has been made. Two 25 mm thick sections of 2 adult human thoraces were cut
to show the position and orientation of the adult mitral valve as it lies in the chest of the cadaver. Thin
sections of hearts and valves were prepared so that the structure and basal attachments of the cusps could
be examined microscopically.

In most human hearts there is no distinctive, well-defined fibrous thickening or ring at the basal
attachment of the aortic (anterior) mitral cusp: the mitral 'ring' is therefore considered to be usually
incomplete anteriorly. This is consistent with the findings in the hearts of all other mammals examined.
*The posterior part of the ring is interposed between the myocardium of left atrium and left ventricle
and corresponds to the region of the attachment of the mural (posterior) cusp of the mitral valve. In
most mammals, including man, this part ofthe ring is a well-defined band of collagen: in a few mammals,
including the sheep, the ring is represented by a thin lamina of loose collagen. The relation ofthe free wall
of the left ventricle to the posterior part of the ring is of functional significance as it is the ventricular
myocardium that is responsible for the major changes in the circumference of the ring occurring pos-
teriorly during the cardiac cycle. In the ruminant ungulates, the sheep and ox, the aortic (anterior) mitral
cusp has an attachment that is common to it and the related cusps of the aortic valve.
Each cusp has two zones whose structure is an expression of their function. There is in each cusp a

distal 'appositional' zone whose substance is formed of a loose meshwork of collagen fibres. In the fresh
heart it is soft to touch and comes into apposition with a corresponding zone on the opposing cusp during
closure of the valve. The proximal part of the cusp is called the 'free' zone which does not come into
contact with the opposing cusp. The characteristic feature of the free zone is the presence of a stratum of
denser collagen, the lamina fibrosa. The denseness of the collagen in the lamina varies considerably in
different animals. In some mammals, including man, there is usually a ridge of demarcation between the
appositional and free zones: this, when present, represents the 'line of closure' of the valve. The amount
of left atrial muscle in the mitral valve cusps varies considerably in different mammals.

Because of the great variation in the structure, attachments, relative size, and mobility of the 2 major
mitral cusps in different animals, it is considered that there are basic differences in the mitral valves of
different mammals.

With the introduction of echocardiography it or leaflets. Adjacent to the valve ring there is, there-
appears to be apposite to reinvestigate the anatomy fore, a cuff of valvular tissue, all of which is con-
of the mitral valve. The mitral valve is customarily cerned with the function of the mitral valve.
described as a complex consisting of a fibrous ring or In order to appreciate fully the structure of the
annulus, two major cusps, chordae tendineae, and mitral complex in the human heart it has been of
two major papillary muscles (Silverman and Hurst, considerable value to examine the valve in other
1968). The indentations between the cusps do not, mammals: by adopting this comparative anatomical
however, reach the fibrous ring because the basal approach the full significance of some features of
parts of the cusps are joined by commissural areas the human valve cusps becomes more apparent. This

study is concerned mainly with the attachments,
Received for publication 18 April 1977 structure, and form of the two major cusps in 12
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annulus. With severe dilation, the minor axis of the valvar ori-
fice becomes so distended that the leaflets, which are of fixed
lengths, become unable to approximate each other.

Leaflets
Distinctly different from the tricuspid valve, the mitral valve
has two leaflets although some may argue that it has four
leaflets.8 These are notably different in shape and circumferen-
tial length. Owing to the oblique location of the valve, strictly
speaking, its two leaflets do not occupy anterior/posterior
positions nor is one of the leaflets “septal”. The septal leaflet is
characteristic of the tricuspid valve whereas neither of the
mitral leaflets is attached to the septum. The corresponding
terms for anterior and posterior are “aortic” and “mural”. It is
the aortic leaflet that is in fibrous continuity with the aortic
valve (figs 1B, 2B, and 3). The aortic leaflet has a rounded free
edge and occupies a third of the annular circumference,
whereas the other leaflet is long and narrow, lining the
remainder of the circumference (fig 4A). The aortic leaflet
hangs like a curtain between the left ventricular inflow and

outflow tracts (fig 4B). When the valve is closed, this leaflet
appears to form the greater part of the atrial floor but is
approximately equal in area to the mural leaflet.9 It meets the
mural leaflet to form an arc shaped closure line, or zone of
apposition, that is obliquely situated relative to the orthogonal
planes of the body. With the leaflets meeting, the view of the
valve from the atrium resembles a smile. Each end of the clo-
sure line is referred to as a commissure (fig 4A). These are
designated the anterolateral and posteromedial commissures.
It is worth noting, however, that the indentations between
leaflets do not reach the annulus but end about 5 mm short in
the adult heart. Therefore, there are no clear cut divisions
between the two leaflets. Furthermore, the free edge of the
mural leaflet is often divided into three or more scallops or
segments described as lateral, middle, and medial or assigned
terms like P1, P2, and P3.10 Although three scallops are most
common, the scallops are not equal in size. Rangnathan and
colleagues11 found the middle scallops to be larger in the
majority of hearts (fig 4A). Victor and Nayak12 likened the slits
between scallops to the pleats of a skirt. When the mural leaf-
let is deformed in a floppy valve, the middle scallop is likely to
be prolapsed.

Normally, the valvar leaflets are thin, pliable, translucent,
and soft. Each leaflet has an atrial and a ventricular surface
(fig 5A). When viewed in profile, two zones can be
distinguished in the aortic leaflets and three zones in the
mural leaflet according to the insertions of the tendinous
cords (fig 5B,C). In both leaflets, there is a clear zone that is
devoid of cordal attachments. Nearer the free edge, the atrial
surface is irregular with nodular thickenings. This is also the
thickest part, corresponding with the line of closure and the
free margin. Tendinous cords attach to the underside of this
area described as the leaflet’s rough zone. The rough zone is
broadest at the lowest portions of each leaflet but tapers
toward the periphery, or commissure, of the closure line. The
basal zone that is found only in the mural leaflet is the proxi-
mal area that has insertions of basal cords to its ventricular
surface. Being distant from the ventricular wall, the aortic
leaflet does not have attachments to basal cords. In normal
valve closure, the two leaflets meet each other snugly with the
rough zone and free edge in apposition but at an angle to the
smooth zone (fig 6A).

When the closed valve is seen in profile, the major part of
the closure line lies below the plane of the atrioventricular
junction rising toward the commissures at the peripheral ends
so that the atrial surface of the leaflets has a saddle-like

Figure 2 (A) The left parietal atrioventricular junction in profile
shows the left atrial wall (blue arrows) running to the hinge (red
arrow) of the mural leaflet of the mitral valve. (B) The aortic leaflet of
the mitral valve cut in profile shows the atrial wall (blue arrows)
reaching the leaflet. Grey dots mark the region of fibrous continuity
between aortic and mitral valves.

Figure 3 A dissection showing the left (L) and right (R) fibrous
trigones revealed by removing the left and non-coronary aortic
sinuses. The trigones are expansions of fibrous tissue at either end of
the area of aortic–mitral valvar continuity. The right fibrous trigone
together with the membranous septum forms the central fibrous body.
The diagrams represent two of the cases reported in the work by
Angelini and colleagues.5 They show the variation in completeness of
the so-called valvar annulus (green areas).

Figure 4 (A) The atrial aspect of the mitral valve shows the
arrangement of the two leaflets between the commissures. The free
edge of the mural leaflet has two clefts (red arrows) giving this leaflet
the appearance of three scallops. Note the wider middle scallop.
(B) The aortic leaflet of the mitral valve hangs between inflow and
outflow tracts of the left ventricle. Aortic–mitral fibrous continuity
(dotted line) extends between the membranous septum (dotted circle)
and the left fibrous trigone.
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Statistical analysis of the data was achieved using the Student-Newman-Keuls test to compare the mean distances.
The data are presented as means and standard-deviations. A p-value < 0.05 was considered significant.

The study was approved by the Ethics Committee on Research of the Federal University of São Paulo.

 

RESULTS

Pattern of coronary dominance

Sixty-nine patients (81.17%) presented with right coronary dominance, fourteen patients (16.47%) with balanced
dominance and two patients (2.35%) with left coronary dominance.

Distance between the mitral annulus and the coronary arteries in hearts with right dominance

The shortest distance between the mitral annulus and the coronary arteries occurred at Point 1 (3.99 ± l.86 mm),
while the longest distance occurred at Point 5 (7.78 ± 2.61 mm), as demonstrated in Figure 3.

 

 

Statistical analysis revealed that there were statistically significant differences between the mean distances at Point
1 compared to other points (p< 0.01). The same occurred when comparing the mean distance at Point 2 and at
Points 3, 4 and 5. However significant differences were not observed when comparing the distances at Points 3, 4
and 5 as shown in Table 2.

 

 

Distance between the mitral annulus and the coronary arteries in hearts with balanced dominance

In the hearts with balanced dominance, the shortest distance between the structures was also observed at Point 1
(3.56 ± l.63 mm), whilst the longest distance was found at Point 3 (6.52 ± 2.48 mm), as shown in Table 3.

 

Conclusion	
  

Chordae	
  

Leaflets	
  

Ring	
  

History	
  



OBADIA	
  Jean-­‐François 	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PMVR	
  Summit	
  –	
  Barcelona	
  -­‐	
  19-­‐20th	
  	
  June	
  2015 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Download	
  this	
  presenta0on	
  on	
  	
  «	
  chircardio-­‐lyon.org	
  »	
  	
  

Conclusion	
  

Chordae	
  

Leaflets	
  

Ring	
  

History	
  



OBADIA	
  Jean-­‐François 	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PMVR	
  Summit	
  –	
  Barcelona	
  -­‐	
  19-­‐20th	
  	
  June	
  2015 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Download	
  this	
  presenta0on	
  on	
  	
  «	
  chircardio-­‐lyon.org	
  »	
  	
  

A Study of Functional Anatomy of Aortic-Mitral Valve
Coupling Using 3D Matrix

Transesophageal Echocardiography
Federico Veronesi, PhD; Cristiana Corsi, PhD; Lissa Sugeng, MD, MPH; Victor Mor-Avi, PhD;

Enrico G. Caiani, PhD; Lynn Weinert, BS; Claudio Lamberti, MS; Roberto M. Lang, MD

Background—Mitral and aortic valves are known to be coupled via fibrous tissue connecting the two annuli. Previous
studies evaluating this coupling have been limited to experimental animals using invasive techniques. The new matrix
array transesophageal transducer provides high-resolution real-time 3D images of both valves simultaneously. We
sought to develop and test a technique for quantitative assessment of mitral and aortic valve dynamics and coupling.

Methods and Results—Matrix array transesophageal (Philips iE33) imaging was performed in 24 patients with normal
valves who underwent clinically indicated transesophageal echocardiography. Custom software was used to detect and
track the mitral and aortic annuli in 3D space throughout the cardiac cycle, allowing automated measurement of changes
in mitral and aortic valve morphology. Mitral annulus surface area and aortic annulus projected area changed
reciprocally over time. Mitral annulus surface area was 8.0!2.1 cm2 at end-diastole and decreased to 7.7!2.1 cm2 in
systole, reaching its maximum (10.0!2.2 cm2) at mitral valve opening. Aortic annulus projected area was 4.1!1.2 cm2

at end-diastole, then increased during isovolumic contraction reaching its maximum (4.8!1.3 cm2) in the first third of
systole and its minimum (3.6!1.0 cm2) during isovolumic relaxation. The angle between the mitral and aortic annuli
was maximum (136!13°) at end-diastole and decreased to its minimum value (129!11°) during systole.

Conclusions—This is the first study to report quantitative 3D assessment of the mitral and aortic valve dynamics from matrix
array transesophageal images and describe the mitral-aortic coupling in a beating human heart. This ability may have impact
on patient evaluation for valvular surgical interventions and prosthesis design. (Circ Cardiovasc Imaging. 2009;2:24-31.)

Key Words: 3D echocardiography ! imaging ! mitral valve ! aortic valve ! aortic-mitral valve coupling

The mitral and aortic valves are coupled via fibrous tissue
connecting the two annuli. An in-depth understanding of

the normal mitral-aortic valvular coupling and the ability to
accurately assess changes in different disease states may be
important, particularly in the context of valvular surgical
planning and postsurgical assessment. However, this cou-
pling is difficult to evaluate using 2-dimensional imaging
techniques because of the 3-dimensional (3D) anatomy of
these structures. Consequently, the aortic and mitral valves
have been studied in humans separately as if their function
was independent of each other. Assessment of the mitral
valve dynamics in humans using 3D echocardiographic
techniques, such as gated acquisition of multiple slices for
volume reconstruction, and the more recent transthoracic
real-time 3D echocardiography (RT3DE) has been previ-
ously described.1,2 However, data presented in these stud-
ies have been limited by either a low temporal resolution,
which allows only static measurements at one phase of the

cardiac cycle,3–5 or by a low spatial resolution, which
limits the visualization of valve morphology during dy-
namic assessment.2

Clinical Perspective see p 31

Because the motion of the aortic valve complex is even
more difficult to characterize, few studies have addressed in
detail the functional anatomy of this valve in 3D. These
studies have been mostly limited to invasive techniques based
on the implantation of crystals or radiopaque markers in
animals.6–9 Based on these findings, there is growing evi-
dence that the dynamics of these two annuli throughout the
cardiac cycle are interrelated and that mitral-aortic valvular
coupling is an integral part of the normal cardiac physiology.
To allow the noninvasive evaluation of this coupling, it is
essential to have a 3D technique that allows simultaneous
imaging of both valves at sufficiently high spatial and
temporal resolutions.
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of all MA points along the direction orthogonal to the MA
surface;

4. mitral valve height, computed as the distance between the
highest and the lowest MA points in the direction orthogonal to
the mitral valve.

Aortic Valve Annulus Initialization
and Measurements
In this study, the term “aortic annulus” refers to the line representing
the insertion of the aortic cusps into the sinuses of Valsalva (Figure
2B and 2D). First, 2 points on the AoA were manually initialized at
ED phase on a cut plane of the volume data set. Then, the orthogonal
plane crossing the center of the line connecting these 2 points was
displayed, and 2 additional points were selected on the AoA. From
these 4 points, the vector orthogonal to the AoA was automatically
computed and used as the vertical axis of the AoA. Fifteen vertical
cut planes passing through this axis (12° apart) were displayed
one-by-one and 2 AoA points were identified on each plane (Figure
2B). Using these additional points, the vertical axis of the AoA was
recalculated. This allowed viewing of a series of cut planes parallel
to the AoA, which represent the short axis views of the outflow tract,
base of the aortic cusps, cusp coaptation point, interatrial septum,
sinus of Valsalva, and sinotubular junction. The positions of the
coaptation point and the interatrial septum were manually marked on
the ED frame (Figure 2C). The same procedure was then applied to
end-systolic (ES) frame.

These AoA points were automatically tracked throughout the
cardiac cycle and connected using 3 splines, one for each cusp in
every frame (Figure 2D). The interatrial point was used as reference
position to identify the noncoronary aortic cusp, and then to identify
the left and right cusps. On the ED frame, cusp surfaces were
computed and displayed as the mesh connecting every AoA point
with the coaptation point.

Finally, the following parameters were calculated at ED phase
(Figure 3):

1. area of each aortic cusp as the mesh connecting the AoA
points and the coaptation point;

2. cusp free-edge for each cusp as the sum of the distances
between the coaptation point and the commissural points
pertaining to each cusp;

3. coaptation point height with respect to the lowest AoA point;
4. effective cusp height as the distance between the coaptation

point and the lowest point of each cusp AoA portion.

In addition, the following parameters were calculated throughout
cardiac cycle:

5. AoA area and length projected on the AoA base plane;
6. AoA nonplanarity defined as the height of commissural

points relative to the lowest AoA point;
7. the length of the semilunar segment of AoA corresponding to

the insertion site of each cusp;
8. intercommissural distances;
9. distance between AoA and MA centers;

10. angle between the MA and AoA defined as the angle between
the line connecting the MA center with the highest MA saddle
point and the line connecting this MA saddle point with the
AoA center.

Statistical Analysis
Computed parameters were averaged for all patients at ED and when
possible at isovolumic contraction (IVC), ES, and end-IVR. Data are
presented as mean!SD. Differences between parameters computed

Figure 2. A, Selection of anterior and posterior MA
points on a cut plane representing 3-chamber
view. B, Selection of AoA points. C, Automatically
displayed aortic valve short axis cut plane on
which interatrial (green dot) and coaptation point
(red dot) are manually identified. D, Computed MA
(cyan) and AoA (red, noncoronary cusp; orange,
left cusp; yellow, right cusp) splines on RT3DE vol-
ume rendering.

Figure 3. Schematic of automatically extracted AoA
measurements.
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anterior mitral leaflets, and was characterized by a saddle
shape with its highest point in the midsection of the anterior
MA, adjacent to the fibrous aortic curtain.2,5,21

Our analysis technique allowed us to perform for the first time
in a beating human heart 3D measurements of aortic cusp area,
length of the free edges of the cusps, the height of the coaptation
point above the AoA basal plane, as well as the effective cusp
height. Several animal studies using invasive markers described
differences in the motion patterns of the different aortic sinus-
es.9,22 We did not find the exact same asymmetrical behavior in
our human study, probably because of multiple reasons includ-
ing the confounding effects of the open chest preparation
coupled with marker implantation, but also the relatively limited
resolution of the 3D echocardiographic images and their low
signal to noise ratio, which could have lead to inaccurate annular
tracking. However, we found that the noncoronary semilunar
segment of AoA, unlike the other 2 cusps, does not exhibit
significant changes in length during the cardiac cycle, possibly
because of the proximity of the basal part of the aortic curtain
corresponding to the intertrigonal fibrous tissue of the MA that
could constrain the expansion of this particular sinus.9,22 In
agreement with previous results,19 we found that the noncoro-
nary intercommissural distance and semilunar annular length
were the largest. However, in our study this difference was only
noted when the valve was under minimal stress at the end-IVR
period. Interestingly, we observed a previously undescribed
loop-like motion of the AoA, the significance of which in terms
of pump efficiency will need to be elucidated in future studies.
In agreement with previous studies, our results confirmed that
the MA is a deformable structure that changes in dimension and
shape during the cardiac cycle.2,23,24 Interestingly, we found that
the nonplanarity of the saddle shaped MA was not constant
throughout the cardiac cycle, but rather increased during systole.
In other words, the aortic curtain that is shared with aortic valve
acted as an anchor for the anterior part of the mitral annulus,
whereas the posterior part was more mobile.

These observations made for the 2 valves suggest that the
fibrous continuity acts as an anchor simultaneously affecting
the dynamics of both valves, ie, plays an important role in
mitral-aortic coupling, refuting the notion of their indepen-
dent behavior. Consequently, the projected AoA and MA
surface areas throughout the cardiac cycle demonstrated
coupled reciprocal behavior, which to our knowledge has not

Figure 4. Wiggels blood pressure diagram (top), in correspon-
dence with measured MA surface area, AoA projected area and
mitral-aortic valves angle computed at end-diastole, IVC, end-
systole, and end of end-IVR (vertical dashed lines). Data are
shown as mean and SD. Minimum and maximum values of the
area curves are shown with the SD of timing as horizontal error
bars. Note that the ES angle value was significantly smaller than
at the other phases (*P!0.05). LA indicates left atrium.

Table 3. Percentage of Inter- and Intraobserver Variability of
Principal Index

Intraobserver, % Interobserver, %

ED projected area 9.5"6.6 11.1"10.8

Maximum projected area 4.0"3.0 8.1"8.0

Minimum projected area 4.0"4.0 8.9"6.4

ED MA-AoA angle 2.0"1.6 2.0"0.9

ES MA-AoA angle 2.8"3.8 3.5"3.7

ED MA-AoA distance 3.7"2.1 4.3"3.4

NC annulus length 8.9"6.2 10.3"15.2

Left annulus length 8.5"9.6 7.9"4.7

Right annulus length 9.6"6.7 15.9"9.1

Data are reported as mean"SD; n#10.
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between-within analysis of variance was used to compare the
eight MV annular outcome variables among patients under-
going TAVR and AVR, before and after intervention. To
minimize the likelihood of inflating type I error and to account
for the eight dependent variables, a p value of 0.006 or less
(approximately 0.05 ! 8) was taken to be statistically signifi-
cant. If indicated, post hoc paired t tests were performed
between preprocedure and postprocedure groups, and un-
paired t tests were performed between TAVR and AVR
groups. All statistical analysis was performed using SPSS
software (SPSS Inc, Chicago, IL).

Results

Patient Characteristics
Baseline patient characteristics are presented in Table 2. Four
patients in the TAVR cohort underwent transapical aortic
valve implantation whereas 6 patients underwent transfemo-
ral aortic valve implantation. Eight patients received a 23-mm

Edwards Sapien valve (Edwards Lifesciences, Irvine, CA), and
2 received a 26 mm Edwards Sapien valve. All patients
undergoing AVR received a bioprosthetic valve (Carpentier-
Edwards Magna pericardial valve, n " 7; Sorin MitroFlow,
Milan, Italy, n " 2; and St Jude Trifecta, St. Paul, MN, n " 1).
Of these, 4 patients received a 21-mm valve, 3 received a
23-mm valve, and 3 received a 25-mm valve.

Comparison of Mitral Regurgitation
In the TAVR cohort, 50% of patients had mild MR, 40%
had moderate MR, and 10% had severe MR before valve
implantation. In comparison, 20% of patients in the AVR
group had no MR, 40% had mild MR, and 40% had
moderate MR. The degree of MR remained unchanged
for 50% of TAVR patients and improved in 50%. In the
AVR group, 60% had unchanged MR whereas 40% had
an improvement in MR (Fig 3).

Annular Geometry
Before aortic valve implantation, there were no differ-
ences in annular geometry between patients undergoing
TAVR versus patients undergoing AVR based on be-

Fig 3. Comparison of mitral regurgitation. Percentage of patients
with varying degrees of mitral regurgitation before repair for each
group (Pre), and the corresponding changes in severity of mitral re-
gurgitation after aortic valve replacement (AVR) for each group
(Post). No patients in either group experienced a worsening in the
degree of mitral regurgitation.

Table 2. Baseline Patient Characteristics

Characteristic
TAVR

(n " 10)
AVR

(n " 10)

Age, years 83.6 # 5.3 74.3 # 7.9
Female, n/total (%) 5/10 (50) 5/10 (50)
Aortic valve area, cm2 0.5 # 0.1 0.7 # 0.1
Aortic valve mean gradient,

mm Hg
42.2 # 20.6 42.4 # 13.6

Ejection fraction, % 54.4 # 17.4 57.2 # 7.9
NYHA class, n/total (%)

II . . . 4/10 (40)
III 7/10 (70) 6/10 (60)
IV 3/10 (30) . . .

Mitral regurgitation, n/total (%)
None . . . 2/10 (20)
Mild 5/10 (50) 4/10 (40)
Moderate 4/10 (40) 4/10 (40)
Severe 1/10 (10) . . .

AVR " aortic valve replacement; NYHA " New York Heart Associa-
tion; TAVR " transcatheter aortic valve replacement.

Fig 2. Illustrative example of geometric parameters. Mitral annular modeling depicting the measured parameters used for analysis. (A, B) Cal-
culation of the annular height (AH) and septolateral diameter (SL). (C) Calculation for commissural width (CW) and mitral transverse diame-
ter (MTD). (AC " anterior commissure; Mid-AA " mid anterior annulus; Mid-PA " mid posterior annulus; PC " posterior commissure.)

616 VERGNAT ET AL Ann Thorac Surg
TAVR PRESERVES MITRAL VALVE ANATOMY 2013;95:614–20

A
D

U
LT

C
A

R
D

IA
C

The Effect of Surgical and Transcatheter Aortic
Valve Replacement on Mitral Annular Anatomy
Mathieu Vergnat, MD,* Melissa M. Levack, MD,* Benjamin M. Jackson, MD,
Joseph E. Bavaria, MD, Howard C. Herrmann, MD, Albert T. Cheung, MD,
Stuart J. Weiss, MD, PhD, Joseph H. Gorman III, MD, and Robert C. Gorman, MD
Departments of Surgery, Medicine, and Anesthesia, and Gorman Cardiovascular Research Group, University of Pennsylvania,
Philadelphia, Pennsylvania

Background. The effect of aortic valve replacement on
three-dimensional mitral annular geometry has not been
well described. Emerging transcatheter approaches for
aortic valve replacement employ fundamentally different
mechanical techniques for achieving fixation and seal of
the prosthetic valve than standard surgical aortic valve
replacement. This study compares the immediate impact
of transcatheter aortic valve replacement (TAVR) and
standard surgical aortic valve replacement (AVR) on
mitral annular anatomy.

Methods. Real-time three-dimensional echocardiogra-
phy was performed in patients undergoing TAVR using
the Edwards Sapien valve (n ! 10 [Edwards Life-
sciences, Irvine, CA]) or AVR (n ! 10) for severe aortic
stenosis. Mitral annular geometric indexes were mea-
sured using Tomtec EchoView (Tomtec Imaging Sys-

tems, Munich, Germany) to assess regional and global
annular geometry.

Results. Mixed between-within analysis of variance
showed no differences between TAVR and AVR groups
in any of the mitral annular geometric indices preopera-
tively. However, postoperative analysis did demonstrate
an effect of AVR on geometry. Patients undergoing open
AVR had significant decrease in annular height, septo-
lateral diameter, mitral valve transverse diameter, and
mitral annular area after valve replacement (p < 0.006).
Similar changes were not noted in the TAVR group.

Conclusions. Mitral annular geometry is better pre-
served by TAVR than by AVR. Thus, TAVR may be a
more physiologic approach to aortic replacement.

(Ann Thorac Surg 2013;95:614–20)
© 2013 by The Society of Thoracic Surgeons

Surgical aortic valve replacement (AVR) is the estab-
lished therapy for symptomatic aortic stenosis; how-

ever, transcatheter aortic valve replacement (TAVR) has
recently been shown to demonstrate acceptable early and
intermediate outcomes in high-risk patients with symp-
tomatic severe aortic stenosis [1–3] The effect of either
technique for aortic valve replacement on mitral valve
(MV) three-dimensional (3D) anatomy has not been
described.

The TAVR and AVR are anatomically and physiologi-
cally divergent procedures. Surgical AVR requires resec-
tion of the leaflet tissue with the valve anchored by
sutures that draw aortic annular tissue inward toward the
valve prosthesis. In contrast, the TAVR device is placed
without leaflet resection and imposes outwardly directed
radial anchoring forces on adjacent structures to achieve
fixation of the prosthetic valve. Given these differences in
technique, we hypothesized that TAVR and AVR would
have distinct immediate effects on mitral annular anat-
omy. In this study, using real-time three-dimensional
echocardiography, we compared mitral annular geome-
try in patients undergoing TAVR and AVR.

Patient and Methods

Patients and Image Acquisition
Patients undergoing surgical treatment for severe or
critical aortic stenosis were selected for inclusion in this
study. Patients received a TAVR (n ! 10 [Sapien; Ed-
wards Lifesciences, Irvine, CA]) or standard open AVR
(n ! 10). The TAVR valve sizing was determined by the
discretion of the surgeon based on two-dimensional (2D)
echocardiographic annular diameter measurements at
the time of surgery. For surgical AVR, selection of the
valve type was done at the discretion of the surgeon at
the time of cardiac surgery. Valve sizes were determined
using conventional valve sizers.

All patients underwent intraoperative imaging of the MV
at the time of cardiac surgery, before and after aortic valve
implantation. Real-time 3D transesophageal echocardiog-
raphy data sets were acquired in addition to standard 2D
echocardiographic examinations, including color Doppler
images of the MV. Preimplantation imaging data sets were
carried out in the operating room after induction of general
anesthesia and before sternotomy. Postimplantation imag-
ing data sets were carried out after sternal closure and
before leaving the operating room. Images were acquired
through a midesophageal view with a Philips ie33 (An-
dover, MA) ultrasound system equipped with a 2 to 7 MHz
X7-2t transesophageal echocardiography matrix trans-
ducer. For the real-time transesophageal echocardiography
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data sets, electrocardiographically gated full-volume im-
ages were acquired over four cardiac cycles at a frame rate
of 17 to 30 frames/s. For the 2D data sets, color Doppler
images were used to determine the degree of mitral regur-
gitation (MR).

This study was approved by the University of Pennsyl-
vania Institutional Review Board.

Image Segmentation
Each full-volume data set was then exported to an Echo-View
5.4 (Tomtec Imaging Systems, Munich, Germany) software
workstation for image analysis. The highest-quality data set
was selected for each subject. Analysis was performed at
midsystole. The plane of the MV orifice was rotated into a
short-axis view. The geometric center was then translated to
the intersection of the two corresponding long-axis planes,
which then corresponded to the intercommissural and septo-
lateral axes of the MV orifice. A rotational template consisting
of 18 long-axis cross-sectional planes separated by 10-degree
increments was superimposed on the 3D echocardiogram.
Two annular points intersecting each of the 18 long-axis
rotational planes were then identified by means of orthogonal
visualization of each plane; the two points were marked
interactively (Fig 1). The anterior and posterior commissures
were defined as annular points at the junction between the
anterior and posterior leaflets. Once the annular geometry
was established, annular planes were marked at fixed 1-mm
intervals along the entire length of the intercommissural axis.
Free-hand curves for each 2D annular plane were traced along
atrial surface delineating the anterior and posterior leaflets as
well as the coaptation zone. For each valve, 600- to 1,200-point
data sets were created (Fig 1). The Cartesian coordinates of
each assigned point were then exported to MatLab (The
MathWorks, Natick, MA).

Mitral Annular Analysis
Eight MV geometric indices were defined for comparison
between groups (Table 1). Using custom MatLab algo-
rithms and orthogonal distance regression, the least

squares plane of the data-point cloud for the annulus was
aligned to the x-y plane. Under these geometric conditions,
the annular height for each point (zn) was plotted as a
function of rotational position on the annulus. A number of
anatomic landmarks were identified. The septum was iden-
tified as the anterior horn of the annulus at the aortic valve.
The lateral annulus was identified as the middle of the
posterior annulus circumference. The septolateral diameter
was defined as the distance between these two points. With
the annular model rotated such that the commissures were
aligned along the y-axis, the maximum and minimum
y-values of the annulus were identified as the anterolateral
and posteromedial annular points. Annular height was
defined as the zmax-zmin. Commissural width was defined
as the 3D distance between the two commissures. Mitral
annular area was defined as the area enclosed by the 2D
projection of a given annular data set onto its least
squares plane. Mitral valve transverse diameter was
defined as the 3D distance separating the anterolateral
annulus and the posteromedial annulus (Fig 2).

Statistical Analysis
Continuous variables are presented as mean ! SD. Categor-
ical variables are presented as percentages and compared
using "2 or Fisher’s exact tests where appropriate. Mixed

Fig 1. Mitral valve segmentation. (A) Rotational template used for segmentation of the mitral valve annulus. Annular points are placed every
10 degrees on the two-dimensional long-axis view around the circumference of the annulus. (B) Segmentation of the anterior and posterior
leaflets and coaptation is performed at 1-mm intervals along the length of the mitral valve. (AA # anterior annulus; AC # anterior commis-
sure; AML # anterior mitral leaflet; AoV # aortic valve; LA # left atrium; LV # left ventricle; LVOT # left ventricular outflow tract; MVO #
mitral valve orifice; PA # posterior annulus; PC # posterior commissure; PML # posterior mitral leaflet.)

Table 1. Eight Mitral Annular Outcomes Variables

Geometric Index Abbreviation

Annular height AH
Commissural width CW
Annular height to commissural width ratio AHCWR
Mitral transverse diameter MTD
Septolateral diameter SL
Commissural width to septolateral diameter

ratio
CWSLR

Mitral annular area MAA
Annular circumference Circ

615Ann Thorac Surg VERGNAT ET AL
2013;95:614–20 TAVR PRESERVES MITRAL VALVE ANATOMY

A
D

U
LT

C
A

R
D

IA
C

The etiology of this deformation is likely the valve-
anchoring sutures in the mitral-aortic continuity. The
AVR group showed a decrease in annular height,
narrowing in the anterior-posterior direction, and an
overall reduction in size.

There was a trend toward an attenuation of relative
saddle shape in patients undergoing AVR, likely as result
of the tethering effect of the sutures. Previous work has
shown that the natural mitral annular saddle shape aids
in reducing mitral annular strain [4, 5], optimizing leaflet
curvature profiles, reducing leaflet stress [6], and improv-
ing leaflet coaptation [7]. Similarly, functionally impaired
valves such as those in ischemic MR, have been shown to
have severe alterations in 3D annular geometry with loss
of the relative annular saddle shape [8]. Optimization of
annular geometry and improving coaptation is, likely,
important for promoting valve competence.

Functional MR (FMR) secondary to left ventricle
remodeling and elevated left ventricular pressures in
the setting of aortic stenosis has routinely been docu-
mented and frequently improves after AVR [9 –12].
Nevertheless, despite previous attempts to character-
ize the long-term durability of standard AVR in resolv-
ing concomitant FMR, a substantial degree of uncer-
tainty still exists as to which patients warrant MV
interventions at the time AVR. Over the past decade,
authors have sought to understand both the degree to
which FMR improves after valve replacement and the
clinical significance of residual MR. For example, Ruel
and colleagues [13] described the natural history of
patients undergoing surgical AVR with concomitant
FMR and found that postoperative FMR of 2! or
greater was occurred in 10.7% of patients with preop-
erative FMR of 1 or less and in 31.6% of patients with
preoperative FMR of 2! or greater. At 18 months after
surgery, FMR of 2! or greater increased to 36.5% with
one preoperative CHF risk factor and to 55.6% with two
preoperative CHF risk factors. As illustrated by this
study, there is a higher degree of improvement in MR

when patients have less preoperative MR. As such, it
could be hypothesized that TAVR might provide a
more durable option for improving FMR in the setting
of aortic stenosis as it preserves the natural annular
saddle shape and geometric dimensions to a greater
degree than AVR.

Further studies will be needed to fully investigate the
long-term functional impact of TAVR on the degree of
MR; however, early reports on transcatheter interven-
tions are beginning to show promising data. For example,
Webb and colleagues [14] reported patients who received
the Edwards Sapien valve for aortic stenosis; 53% of
patients in their study had moderate to severe MR at
baseline, and the median grade of MR decreased from 2
to 1 at discharge. Moreover, the percentage of patients
with moderate to severe MR continuously decreased at
1-, 6-, and 12-month follow-up. They observed that there
was a trend toward ongoing improvement in MR, espe-
cially in patients with moderate to severe MR. Hekimian
and colleagues [15] reported similar results for patients
having TAVR. In the current study, MR was improved in
50% of patients undergoing TAVR and in 40% of patients
undergoing surgical AVR; however, the majority of pa-
tients had only mild to moderate MR. Although this work
is limited by its small sample size and is not designed to
specifically answer questions about the long-term dura-
bility of TAVR, it does report a novel approach to looking
at the functional consequences of aortic devices and may
prove to be a more physiologic approach to aortic valve
replacement, with respect to MV annular geometry.

This work was supported in part by grants from the National Heart,
Lung, and Blood Institute of the National Institutes of Health,
Bethesda, Maryland (HL63954, HL73021, HL103723, and
HL108330). Robert Gorman and Joseph Gorman were supported
by individual Established Investigator Awards from the American
Heart Association, Dallas, Texas. Mathieu Vergnat was supported
by a French Federation of Cardiology Research Award.

Fig 5. (A) Comparison of select geometric indices in transcatheter aortic valve implantation (TAVI) versus aortic valve replacement (AVR).
Patients undergoing AVR had significant decreases in annular height, septolateral diameter, and mitral annular area relative to their initial
geometry. (B) Plot of annular height (AH) along the annular circumference. Annular height is preserved in TAVI after AVR but is notably de-
creased after standard AVR. *Denotes significance. (AC " anterior commissure; Mid-AA " mid anterior annulus; Mid-PA " mid posterior
annulus; PC " posterior commissure.)
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studied. Of note, when the LCX coursed inferiorly to the CS,
the number of marginal branches of the LCX was larger.
However, no data on the minimal distance between the CS
and the LCX were provided.

These anatomic observations have previously been con-
firmed with electron-beam computed tomography.15,16 Mao et
al15 reported that the LCX coursed inferiorly to the CS in
80.8% of the studied patients. Furthermore, it was demon-
strated that the overlapping segment of the CS and the LCX
was !30 mm in 17.8% of the cases. However, once again no
data on the minimal distance between the CS and the LCX
were provided.

In the present study, the LCX coursed inferiorly to the CS
in 68% of the patients, with a minimal distance between the
CS and the LCX of 1.3"1.0 mm. The close relation between
the CS and the LCX may limit the use of percutaneous mitral
valve annuloplasty, particularly when the LCX courses infe-
riorly to the CS over a long distance (Figure 4).

CS and MVA
Several anatomic studies have addressed the relation between
the CS and the MVA.7–9 Shinbane et al7 studied 10 normal
adult cadaver hearts and reported variable distances between
the CS and the MVA along the course of the CS. Mean
distances between the CS and the MVA were 14.1"3.1 mm,
10.2"4.9 mm, and 10.7"3.5 mm at distances of 20, 40, and
60 mm, respectively, from the ostium of the CS. El-
Maasarany et al8 studied the distances between the CS and the
MVA in 32 normal cadaver hearts. Distances were assessed
in 6 separate regions along the course of the CS. Mean
distance was highly variable for the 6 regions; the shortest
distance (5.8 mm) was observed at the anterolateral commis-
sure of the MVA. Unfortunately, no data were provided about
the position of the CS in relation to the MVA (superior/infe-
rior/same level). In the largest anatomic study reported,
Maselli et al9 also noted variable distances between the CS
and the MVA. At the level of the P2 and P3 scallops of the
mitral valve, mean distances between the CS and the MVA of
5.7"3.3 mm and 9.7"3.2 mm were reported.

In the present study, the highly variable relation between
the CS and the MVA was assessed noninvasively with
MSCT. The CS was located more superiorly to the MVA in
the majority of the patients (ranging from 90% at the level of
the MVA to 14% at the level of the distal CS). Furthermore,

minimal distances between the CS and the MVA were
assessed at the proximal and the distal CS and appeared to be
highly variable (Table 2). Although this finding confirms the
previous anatomic studies, the use of different reference
points makes a direct comparison between the present study
and previous in vitro studies difficult. Importantly, in patients
with severe MR, the minimal distance between the CS and the
MVA may increase significantly. In particular, the use of
percutaneous mitral annuloplasty may be not feasible in
patients where the CS courses along the left atrial wall
(Figure 5).

It should be noted that in the present study images were
routinely reconstructed at 75% of the RR interval. However,
the diameter and the distance between the CS and the MVA
may vary during the cardiac cycle. Nevertheless, the present
study shows that MSCT can accurately depict CS anatomy
and its relation with the MVA and thereby provides important
information on patients who are being considered for percu-
taneous mitral annuloplasty.

Implications for Percutaneous Mitral Annuloplasty
The present study shows the feasibility of the noninvasive
evaluation of the CS anatomy and its relation with the MVA
and the coronary arteries. In previous in vitro7–9 and in
vivo15,16 studies, the relation between the CS, the MVA, and

Figure 4. In this patient, the Cx courses between the CS and the MVA (A, 4-chamber view). The volume-rendered reconstruction (B)
and the reconstructed MVA level (C) show that the Cx courses inferiorly to the CS over a long distance. Percutaneous mitral annulo-
plasty may result in compression of the Cx.

Figure 5. In this patient, the CS courses along the left atrial (LA)
posterior wall rather than along the MVA.
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studied. Of note, when the LCX coursed inferiorly to the CS,
the number of marginal branches of the LCX was larger.
However, no data on the minimal distance between the CS
and the LCX were provided.

These anatomic observations have previously been con-
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80.8% of the studied patients. Furthermore, it was demon-
strated that the overlapping segment of the CS and the LCX
was !30 mm in 17.8% of the cases. However, once again no
data on the minimal distance between the CS and the LCX
were provided.

In the present study, the LCX coursed inferiorly to the CS
in 68% of the patients, with a minimal distance between the
CS and the LCX of 1.3"1.0 mm. The close relation between
the CS and the LCX may limit the use of percutaneous mitral
valve annuloplasty, particularly when the LCX courses infe-
riorly to the CS over a long distance (Figure 4).

CS and MVA
Several anatomic studies have addressed the relation between
the CS and the MVA.7–9 Shinbane et al7 studied 10 normal
adult cadaver hearts and reported variable distances between
the CS and the MVA along the course of the CS. Mean
distances between the CS and the MVA were 14.1"3.1 mm,
10.2"4.9 mm, and 10.7"3.5 mm at distances of 20, 40, and
60 mm, respectively, from the ostium of the CS. El-
Maasarany et al8 studied the distances between the CS and the
MVA in 32 normal cadaver hearts. Distances were assessed
in 6 separate regions along the course of the CS. Mean
distance was highly variable for the 6 regions; the shortest
distance (5.8 mm) was observed at the anterolateral commis-
sure of the MVA. Unfortunately, no data were provided about
the position of the CS in relation to the MVA (superior/infe-
rior/same level). In the largest anatomic study reported,
Maselli et al9 also noted variable distances between the CS
and the MVA. At the level of the P2 and P3 scallops of the
mitral valve, mean distances between the CS and the MVA of
5.7"3.3 mm and 9.7"3.2 mm were reported.

In the present study, the highly variable relation between
the CS and the MVA was assessed noninvasively with
MSCT. The CS was located more superiorly to the MVA in
the majority of the patients (ranging from 90% at the level of
the MVA to 14% at the level of the distal CS). Furthermore,

minimal distances between the CS and the MVA were
assessed at the proximal and the distal CS and appeared to be
highly variable (Table 2). Although this finding confirms the
previous anatomic studies, the use of different reference
points makes a direct comparison between the present study
and previous in vitro studies difficult. Importantly, in patients
with severe MR, the minimal distance between the CS and the
MVA may increase significantly. In particular, the use of
percutaneous mitral annuloplasty may be not feasible in
patients where the CS courses along the left atrial wall
(Figure 5).

It should be noted that in the present study images were
routinely reconstructed at 75% of the RR interval. However,
the diameter and the distance between the CS and the MVA
may vary during the cardiac cycle. Nevertheless, the present
study shows that MSCT can accurately depict CS anatomy
and its relation with the MVA and thereby provides important
information on patients who are being considered for percu-
taneous mitral annuloplasty.

Implications for Percutaneous Mitral Annuloplasty
The present study shows the feasibility of the noninvasive
evaluation of the CS anatomy and its relation with the MVA
and the coronary arteries. In previous in vitro7–9 and in
vivo15,16 studies, the relation between the CS, the MVA, and

Figure 4. In this patient, the Cx courses between the CS and the MVA (A, 4-chamber view). The volume-rendered reconstruction (B)
and the reconstructed MVA level (C) show that the Cx courses inferiorly to the CS over a long distance. Percutaneous mitral annulo-
plasty may result in compression of the Cx.

Figure 5. In this patient, the CS courses along the left atrial (LA)
posterior wall rather than along the MVA.
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Noninvasive Evaluation of Coronary Sinus Anatomy and Its
Relation to the Mitral Valve Annulus

Implications for Percutaneous Mitral Annuloplasty

Laurens F. Tops, MD; Nico R. Van de Veire, MD, PhD; Joanne D. Schuijf, MSc; Albert de Roos,
MD, PhD; Ernst E. van der Wall, MD, PhD; Martin J. Schalij, MD, PhD; Jeroen J. Bax, MD, PhD

Background—Percutaneous mitral annuloplasty has been proposed as an alternative to surgical annuloplasty. In this
respect, evaluation of the coronary sinus (CS) and its relation with the mitral valve annulus (MVA) and the coronary
arteries is relevant. The feasibility of evaluating these issues noninvasively with multislice computed tomography was
determined.

Methods and Results—In 105 patients (72 men, age 59!11 years), 64-slice multislice computed tomography was
performed for noninvasive evaluation of coronary artery disease. Thirty-four patients with heart failure and/or severe
mitral regurgitation were included. Three-dimensional reconstructions and standard orthogonal planes were used to
assess CS anatomy and its relation with the MVA and circumflex artery. In 71 patients (68%), the circumflex artery
coursed between the CS and the MVA with a minimal distance between the CS and the circumflex artery of
1.3!1.0 mm. The CS was located along the left atrial wall, rather than along the MVA, in the majority of the patients
(ranging from 90% at the level of the MVA to 14% at the level of the distal CS). The minimal distance between the
CS and MVA was 5.1!2.9 mm. In patients with severe mitral regurgitation, the minimal distance between the CS and
the MVA was significantly greater as compared with patients without severe mitral regurgitation (mean 7.3!3.9 mm
versus 4.8!2.5 mm, P"0.05).

Conclusion—In the majority of the patients, the CS courses superiorly to the MVA. In 68% of the patients, the circumflex
artery courses between the CS and the mitral annulus. Multislice computed tomography may provide useful information
for the selection of potential candidates for percutaneous mitral annuloplasty. (Circulation. 2007;115:1426-1432.)

Key Words: imaging ! mitral valve ! tomography, x-ray computed ! coronary vessels

Mitral annuloplasty is the most commonly performed
surgical procedure for ischemic mitral regurgitation

(MR).1 Recently, a percutaneous approach to mitral annulo-
plasty was proposed. Validation studies in animals have
shown the feasibility of the percutaneous transvenous mitral
annuloplasty.2–5 In addition, preliminary results of the first
human experience with percutaneous mitral annuloplasty
have been described.6

Clinical Perspective p 1432
However, anatomic studies have demonstrated the variable

relation between the coronary sinus (CS) and the mitral valve
annulus (MVA).7–9 It was noted that the CS may course
adjacent to the posterior wall of the left atrium rather than
along the MVA. Furthermore, a close relation between the CS
and the left circumflex coronary artery (LCX) was detected,
which potentially limits the use of percutaneous mitral
annuloplasty. However, these anatomic studies were per-
formed on structurally normal hearts.

Evaluation of the CS anatomy and its relation to the MVA
and the coronary arteries may be of value in patients who are
considered for percutaneous mitral annuloplasty. Multislice
computed tomography (MSCT) can provide an accurate
noninvasive evaluation of the anatomy of the CS.10 Recent
preliminary data suggest a potential use of MSCT scanning in
patients considered for percutaneous mitral annuloplasty.11

Accordingly, the purpose of the present study was to
evaluate the relation between the CS, the MVA, and the
coronary arteries by 64-slice MSCT in patients with structur-
ally normal hearts and in patients with severe MR.

Methods
Study Population
The study population comprised 105 consecutive patients referred
for MSCT coronary angiography. The total study population was
divided into 3 groups: group I (controls, n#35) included patients
without coronary artery disease (CAD) and without structural heart
disease; group II (CAD, n#36) comprised patients with either a
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history of myocardial infarction/percutaneous transluminal coronary
angioplasty/coronary artery bypass grafting, or a significant stenosis
in !1 coronary artery on the MSCT scan; group III (heart failure,
n!34) included patients with severe heart failure (left ventricular
ejection fraction "35%).

Data Acquisition

Multislice Computed Tomography
MSCT was performed with a Toshiba Multislice Aquilion 64 system
(Toshiba Medical Systems, Tokyo, Japan) with a collimation of
64"0.5 mm and a rotation time of 400 to 500 ms, depending on the
heart rate. The tube current was 300 mA at 120 kV. Nonionic
contrast material (Iomeron 400, Bracco, Altana Pharma, Konstanz,
Germany) was administered in the antecubital vein, in an amount of
80 to 110 mL, depending on the total scan time, and a flow rate of
5.0 mL/s. Automated peak enhancement detection in the descending
aorta was used to time the contrast bolus. After the threshold level of
#100 Hounsfield units was reached, data acquisition was automat-
ically initiated. Data acquisition was performed during an inspiratory
breath-hold of $8 to $10 seconds, and the ECG was recorded
simultaneously to allow retrospective gating of the data. The data set
was reconstructed at 75% of the RR interval, with a slice thickness
of 0.5 mm and a reconstruction interval of 0.3 mm.

Data Analysis
Data analysis was performed on a remote postprocessing workstation
(Vitrea 2, Vital Images, Plymouth, Minn). Volume-rendered
3-dimensional reconstructions and standard orthogonal planes were
used to assess the anatomy and the course of the CS and its
tributaries. Furthermore, the course of the coronary arteries and the
coronary artery dominance (right, left, or balanced) was assessed. In
particular, the course of the LCX in relation to the CS (inferior or
superior) was determined (Figure 1). The axial slices were studied to
assess the minimal distance between the LCX and the CS.

Anatomic and Quantitative Analyses
With the use of reconstructed long-axis 2- and 4-chamber views and
volume-rendered 3-dimensional reconstructions, the relation be-
tween the CS and the MVA was assessed (Figure 2). The position of
the CS in relation to the MVA (superior/inferior/same level) and the
minimal distance between the CS and the MVA were determined
(Figure 3). The anatomic and quantitative data were assessed at 3
different levels: at the proximal CS, the distal CS, and at the level of
the MVA. The proximal CS was defined as the site where the CS
makes an angle with the right atrium. The distal CS was defined as
the site where the CS makes a sharp angle anteriorly and continues
as the anterior interventricular vein.12 The level of the MVA was
reconstructed with the long-axis 2- and 4-chamber views.

Figure 1. Volume-rendered reconstructions
show the relation between the CS and the left
circumflex coronary artery (Cx). A, The Cx
courses deeper than the CS and lies between
the CS and the mitral valve annulus. B, The Cx
courses superiorly to the CS.

Figure 2. Long-axis 2-chamber (A) and
4-chamber (B) views were used to assess the
course of the CS (white arrow) in relation to the
MVA and the diameter of the MVA (black
arrow). Furthermore, at the reconstructed level
of the MVA (C), the CS location and the MVA
perimeter were determined. D, Volume-
rendered 3-dimensional reconstruction demon-
strates the course of the CS and its relation to
the MVA and the left circumflex coronary
artery.
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5.1!2.9 mm (range 1.4 to 16.8 mm). Also, the relation of
the CS and the MVA was determined at the proximal and
the distal CS. At the proximal CS, the CS was located more
superiorly to the MVA in 57 patients (54%), more inferi-
orly in 7 patients (7%), and at the same level in 41 patients
(39%). The minimal distance between the CS and the
MVA at the proximal CS was 8.3!2.3 mm (range 2.2 to
15.3 mm). At the distal CS, the CS was located more
superiorly to the MVA in 15 patients (14%), more inferi-
orly in 31 patients (30%), and at the same level in 59
patients (56%). The minimal distance between the CS and
the MVA at the distal CS was 8.8!3.4 mm (range 2.6 to
18.6 mm).

No statistical differences existed between the 3 groups with
regard to the location of the CS in relation to the MVA at any
level. In contrast, the minimal distance between the CS and the
MVA was significantly greater in the heart failure patients than
in the control patients and the patients with CAD (Table 2).

CS and MVA: Quantitative Observations
The mean diameter of the MVA at the 2-chamber view was
40.8!4.7 mm, the mean diameter at the 4-chamber view was
36.4!4.6 mm. The mean perimeter of the MVA was
119.4!13.3 mm.

The mean diameter of the CS at the proximal part was
10.0!2.8 mm in the anterior–posterior direction and
14.4!3.1 mm in the superior–inferior direction. The diameter
of the CS at the distal part was 3.9!0.7 mm in the
anterior–posterior direction and 4.0!0.9 mm in the superior–
inferior direction. No significant differences in diameter of
the CS were observed between the 3 groups (Table 2). With
the use of multiplanar reformatted images, the total length of
the CS was calculated. The mean length was 113!18 mm
(range 76 to 170 mm). The mean CS length was significantly
larger in the heart failure patients than in the controls and the
patients with CAD (Table 2).

Mitral Regurgitation
In the total study population, 50 patients (48%) had no MR,
30 patients (29%) had MR grade 1", and 10 patients (9%)
had MR grade 2"; MR was characterized as 3" in 13
patients (12%) and 4" in 2 patients (2%). To detect differ-
ences in the anatomic and quantitative data between patients
with and without severe MR, the study population was
divided into 2 groups: patients with MR grade !2" (n#90)
and patients with MR grade 3" or 4" (n#15).

No differences existed between the 2 groups in the ana-
tomic relation between the CS and MVA at any level.
Furthermore, no significant differences in diameters of the CS
were noted. However, the minimal distance between the CS
and the MVA at all levels was significantly greater in the
patients with severe MR than in the patients without severe
MR (Table 3). In addition, the diameters of the MVA and the
total length of the CS were significantly larger in the patients
with severe MR than in the patients without severe MR
(Table 3).

Discussion
In the present study, the relation between the CS, the MVA,
and the coronary arteries was evaluated noninvasively with
MSCT. The major findings of the study are as follows: In
68% of the patients, the LCX courses between the CS and the
MVA. In the majority of the patients, the CS courses
superiorly to the MVA. In addition, the minimal distance
between the CS and the MVA is greater in patients with heart
failure and severe MR. The findings of the present study have
important implications for percutaneous mitral annuloplasty.

Anatomic Observations

CS and Coronary Arteries
A close relation between the CS and the LCX may limit the
use of percutaneous mitral annuloplasty. Circumflex artery
compression has been reported as a serious complication in
one of the first animal studies on percutaneous mitral annu-
loplasty.4 Previous anatomic studies have reported the rela-
tion between the CS, the coronary arteries, and the MVA.8,9

Maselli et al9 demonstrated that the LCX coursed between the
CS and the MVA in 63.9% of the 61 human hearts that were

TABLE 2. Quantitative Analyses of the CS and the MVA in the
3 Patient Groups

Controls
(n#35)

CAD
(n#36)

HF
(n#34) P*

Minimal distance between CS and MVA

At MVA level 4.4!2.2 4.9!2.7 6.2!3.4† 0.019

At proximal CS 7.6!1.6 7.9!2.1 9.3!2.8† 0.006

At distal CS 7.3!3.3 8.5!3.2 10.7!3.0‡§ $0.001

CS diameter at proximal CS

AP diameter 10.5!2.7 9.7!2.3 9.9!3.3 0.5

SI diameter 15.0!3.2 14.0!3.0 14.2!3.0 0.3

CS diameter at distal CS

AP diameter 3.9!0.7 3.9!0.6 4.0!0.7 0.7

SI diameter 4.1!0.9 3.9!0.7 4.0!0.9 0.7

Total CS length 108!12 106!14 126!19‡! $0.001

AP indicates anterior–posterior; SI, superior–inferior.
*Assessed by ANOVA with Scheffé post hoc testing.
†P$0.05 vs controls; ‡P$0.001 vs controls; §P$0.05 vs CAD; !P$0.001

vs CAD.

TABLE 3. Quantitative Analyses of the CS and the MVA in
Patients With and Without Severe Mitral Regurgitation

Patients Without
Severe MR

(n#90)

Patients With
Severe MR

(n#15) P*

Minimal distance between CS and MVA

At MVA level 4.8!2.5 7.3!3.9 0.005

At proximal CS 8.1!2.4 9.3!1.9 0.019

At distal CS 8.3!3.1 12.1!3.6 $0.001

MVA diameter (2-chamber view) 40.2!4.7 44.3!3.3 0.001

MVA diameter (4-chamber view) 35.8!4.4 39.9!4.4 0.002

MVA perimeter 118.1!12.6 127.6!14.7 0.020

Total CS length 110.1!16.6 128.6!14.6 $0.001

*As assessed with Mann-Whitney U test.
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Imaging the mitral valve requires an understanding of the normal anatomy and how this complex structure is altered by disease states. Mitral
regurgitation is increasingly prevalent. Despite the fall in rheumatic diease, it is the second most common valvular lesion seen in adults in
Europe. In this review, the morphology of the normal and abnormal valve is reconsidered in relation to the key structures, with a view
to aiding the reader in understanding how this might relate to echocardiographic identification of abnormalties.
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Introduction
Imaging the mitral valve (MV) requires an understanding of the
normal anatomy and how this complex structure is altered by
disease states. The MV is composed of several structures
working in synchrony to open during diastole and close in
systole effectively within the high-pressure systemic environment.
Morphological changes of the valve can affect mechanical integrity
resulting in abnormal leaflet closure and regurgitation of blood
back into the left atrium causing loss of ventricular pressure and
forward flow.
Mitral regurgitation is increasingly prevalent. Despite the fall in

rheumatic diease, it is the second most common valvular lesion
seen in adults in Europe.1 Surgical repair should be performed
whenever possible when the likelihood of successful repair is
high. Since retaining the native valve has significant advantages,
including the preservation of left ventricular function and long-
term survival.2 In this review, the morphology of the normal and
abnormal valve is reconsidered in relation to the key structures
with a view to aiding the reader in understanding how this might
relate to echocardiographic identification of abnormalties.

Normal mitral valve anatomy

Leaflets
The MV comprises two leaflets, annular attachment at the atrio-
ventricular junction, tendinous chords and the papillary muscles
(PMs). The two leaflets of the MV are noticeably different in

structure and are referred to as the anterior and posterior leaflets
by clinicians. Although neither description is anatomically correct,
the terms aortic and mural leaflets are preferred.3 The mural (pos-
terior) leaflet is narrow and extends two-thirds around the left
atrioventricular junction within the inlet portion of the ventricle.
In adults, the mural leaflet has indentations (sometimes called
‘clefts’) that generally form three scallops (segments) along the
elongated free edge. These indentations do not usually extend all
the way through the leaflet to the annulus; if this is seen, then
this is usually associated with pathological valve regurgitation. Car-
pentier’s nomenclature4 describes the most lateral segment as P1,
which lies adjacent to the anterolateral commisure, P2 is central
and can significantly vary in size, and most medial is P3 segment,
which lies adjacent to the posteromedial commissure (Figure 1).

The semicircular aortic (anterior) leaflet of the MV is much
broader than the mural leaflet, comprises one third of the
annular circumference and has a clear and rough zone (Figure 2).
The distinguishing feature of this leaflet is the fibrous continuity
with the left and non-coronary cusps of the aortic valve and
with the interleaflet triangle between the aortic cusps that abuts
onto the membranous septum.5 The aortic leaflet is also divided
arbitrarily into three regions labelled A1, A2 and A3 corresponding
to the adjacent regions of the mural leaflet (Figure 1).

From the attachment point of each leaflet at the annulus to the
free edge, the leaflet is described as having basal, clear and rough
zones (Figure 2). The basal zone is described as the area where
the leaflet connects to the atrioventricular junction. The thin
central portion of the leaflet is the clear zone. The thick rough
zone at the free edge of the leaflet is the main area of chordal
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Introduction
Imaging the mitral valve (MV) requires an understanding of the
normal anatomy and how this complex structure is altered by
disease states. The MV is composed of several structures
working in synchrony to open during diastole and close in
systole effectively within the high-pressure systemic environment.
Morphological changes of the valve can affect mechanical integrity
resulting in abnormal leaflet closure and regurgitation of blood
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(PMs). The two leaflets of the MV are noticeably different in

structure and are referred to as the anterior and posterior leaflets
by clinicians. Although neither description is anatomically correct,
the terms aortic and mural leaflets are preferred.3 The mural (pos-
terior) leaflet is narrow and extends two-thirds around the left
atrioventricular junction within the inlet portion of the ventricle.
In adults, the mural leaflet has indentations (sometimes called
‘clefts’) that generally form three scallops (segments) along the
elongated free edge. These indentations do not usually extend all
the way through the leaflet to the annulus; if this is seen, then
this is usually associated with pathological valve regurgitation. Car-
pentier’s nomenclature4 describes the most lateral segment as P1,
which lies adjacent to the anterolateral commisure, P2 is central
and can significantly vary in size, and most medial is P3 segment,
which lies adjacent to the posteromedial commissure (Figure 1).

The semicircular aortic (anterior) leaflet of the MV is much
broader than the mural leaflet, comprises one third of the
annular circumference and has a clear and rough zone (Figure 2).
The distinguishing feature of this leaflet is the fibrous continuity
with the left and non-coronary cusps of the aortic valve and
with the interleaflet triangle between the aortic cusps that abuts
onto the membranous septum.5 The aortic leaflet is also divided
arbitrarily into three regions labelled A1, A2 and A3 corresponding
to the adjacent regions of the mural leaflet (Figure 1).

From the attachment point of each leaflet at the annulus to the
free edge, the leaflet is described as having basal, clear and rough
zones (Figure 2). The basal zone is described as the area where
the leaflet connects to the atrioventricular junction. The thin
central portion of the leaflet is the clear zone. The thick rough
zone at the free edge of the leaflet is the main area of chordal
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The aortic leaflet is a compact, semicircular structure, without any

indentation. It is positioned antero-superiorly in the left ventricle.
When viewed from the ventricular aspect, the defining feature of
the aortic leaflet, and the reason for this name, is seen to be its fibrous
continuity with the left and non-coronary leaflets of the aortic valve.
Indeed, unlike the tricuspid valve which is separated by muscle from
its counterpart, the pulmonary valve, the mitral valve is immediately
adjacent to the aortic valve. The insertion of the aortic leaflet, guards
about 35 to 40% of the annular circumference and it is fibrous with
some scarce muscular intrusions. The two leaflets of the mitral
valve, although very different in shape, they share an almost equal
area. It is made largely by a smooth zone, which is devoid by tendi-
nous chords. The layered attachments of the tendinous chords repre-
sent the so called rough zone (Fig. 5) [11]. The rough zone is present
in both leaflets and is broadest in the lowest portion of each leaflet,
but tapers toward the periphery of the closure line, the commissures.
It includes the coaptation zone, where the leaflets meet with the pos-
terior leaflet, 4–6 mm deep into the ventricle.

The mural leaflet, normally called posterior, has more variability
than the anterior leaflet. It is narrow and extends two-thirds around
the left atrioventricular junction within the inlet portion of the ven-
tricle. Made mainly by three scallops, there is still debate if it repre-
sents a single unit or a whole of independent leaflets. The three
scallops are named, from the anterolateral to the posterolateral com-
missures, respectively P1, P2 and P3 (Fig. 6). The facing corresponding
portions of the anterior leaflet, for practical reasons, are called A1, A2
and A3, even if in the anterior leaflet no scallop can be identified [13].

Recent anatomical studies, however, showed that the usual pat-
tern “anterior leaflet=no cleft; posterior leaflet=two clefts” is not
the commonest one [12]. A deviant cleft in the anterior leaflet is pre-
sent in 26.3% of the cases, whereas in the posterior leaflet 2 clefts are
present only in 38.9% of the cases, no cleft at all in 2.8%, 1 cleft in
33.3%, 3 clefts in 13.9% or 4 clefts in 11.1%. In 36.9% of the cases 1 de-
viant cleft was present in mid A2, mid P2 or in both.

The mitral valvar leaflets close along a solitary zone of apposition;
the extremities of this zone do not reach the annulus. The portions
beyond the end of the zone of apposition are called commissures;
they are commonly known as antero-lateral and postero-medial com-
missures, based on a description of isolated organ in its own. The
antero-lateral commissure position is superior, posterior, lateral,
while the postero-medial is inferior, anterior, septal, if considering
heart in the body [12,14].

The aortic leaflet is a monolithic structure, which participates pas-
sively in the mechanism of closure of the valve. In fact its insertion in-
cludes all the fibrous tissue of the mitral annulus, which then does not
participate to the change of the mitral area during the cardiac cycle
[15]. On the contrary the posterior leaflet is the key structure in the
closure of the valve. Its structure is similar to a skirt with pleats.
When the posterior annulus contracts, first the scallops coapt togeth-
er, then the leaflet, moving towards the anterior one, coordinates the

valve closure process. This mechanism determines the complete clo-
sure (coaptation) and correct apposition (symmetrical overlap) of
both leaflets that are essential in preventing regurgitation.

1.3. The subvalvular apparatus

Since Leonardo da Vinci (1513), researchers have understood that
the competence of the valve cannot be afforded by leaflets without
the support of subvalvular apparatus. In the normal valve, groups of
cords sprout from both papillary muscles, forking, and support the
leading edges of both leaflets. The tendinous cords of the mitral
valve are attached to two groups of papillary muscles or directly to
the posterior muscular wall for the tensor apparatus of the valve
[16]. There are different classifications of mitral tendinous cords as
summarized by Muresian [1]. In 1970, Lam and coworkers [17] classi-
fied them on the basis of their insertions on the leaflets. The tendi-
nous cords referred to as first order, or primary, if they insert on the
free edge of mitral leaflets (Fig. 7). Among them, commissural cords
can be identified for their fan-like arrangement. The cords found in
the posterior leaflet between adjacent segments of the leaflets (scal-
lops) are called cleft cords. All the cords which do not insert on the
free edge are called second order cords (Fig. 7) and ensure that the
coapting surfaces meet during systolic closure. Those which insert
on the anterior leaflet, if thickened, are called strut cords. Generally
these arise from the tip of each papillary muscle and are thought to
be the strongest. Finally, some cords take origin from the parietal ven-
tricular wall and are joined to the ventricular face of the mural leaflet,
the so-called basal cords. In the past, the basal cords have been con-
sidered to represent cords of a third order, but today they are consid-
ered as belonging to the second order since they insert into the
ventricular aspects of the leaflets.

The papillary muscles function as shock absorbers that compen-
sate for the geometric changes of the left ventricular wall. This

Fig. 5. The rough zone (RZ) is the border area where tendinous cords attach. The larger
remaining portion of the leaflet is called smooth zone (SZ).

Fig. 6. (A) The mural leaflets is made mainly by three scallops, named, from the ante-
rolateral to posteromedial P1, P2 and P3. (B) The three posterior scallops, the anterolat-
eral (ALc) and posteromedial (PMc) commissures.
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P2. Receiver operating characteristic curve analysis was
used to select the best cutoff value of segmental MV dis-
placement measured with RT3D-TEE for prolapse diagno-
sis. The inter- and intraobserver agreement in the echocar-
diographic images was assessed using the ! test. Agreement
or disagreement with the surgical findings and different
significance in diagnostic accuracy between the echocardio-
graphic images were assessed using the McNamara test. p
Values !0.05 were considered statistically significant. The
statistical analysis was performed using the Statistical Pack-
age for Social Sciences software, version 15 (SPSS, Chi-
cago, Illinois).

Results

Interpretable RT3D-TEE was feasible in all patients,
with optimal (90%) and suboptimal (10%) imaging, al-
though off-line reconstruction, removing artifacts, and/or
optimizing the ultrasound gain and the smoothing setting
improved the suboptimal quality of the examinations. All
RT3D-transesophageal echocardiographic zoom mode stud-
ies were suitable for quantitative analysis. However, the
full-volume data sets were excluded because of the high
incidence (60%) of stitching artifacts during off-line crop-
ping. RT3D-TTE was interpretable in 149 patients, but
diagnostically inadequate in 73 of the 222 patients. Owing
to the high rate of noninterpretable or suboptimal examina-
tion, we also excluded RT3D-TTE for quantitative off-line
analysis. Figure 2 shows localization of the MV prolapse,
according to the surgical findings for the 222 patients. Of
the prolapsed segments, 263 were classified as dominant by

the surgeon and 25 as secondary. The per-patient analysis
showed a monoleaflet localization of the prolapsed seg-
ments in 181 of 222 patients, involving 1 segment in 162
(17 anterior leaflets and 145 posterior leaflets) and "1
segment in 19 patients (9 anterior leaflets and 10 posterior
leaflets). Thirty-three patients showed a bileaflet prolapse
with facing or nonfacing localization in 31 and 2 patients,
respectively. In the remaining 8 patients, the prolapse was
confined to the medial commissure (2 patients) or combin-
ing commissure and leaflet localization (6 patients). Rupture
of chordae tendinee was observed in 127 patients (57%),
involving the posterior leaflet in 111, anterior leaflet in 15,
and posteromedial commissure in 1 patient. The cause of
MV disease was myxomatous degeneration in 187 patients
(84%), fibroelastic deficiency in 13 (6%), and indeterminate
in 22 (10%). Myxomatous degeneration was diffuse in 96
patients but was limited to the prolapsed segment in 91
patients.

Of 222 patients, 202 (91%) showed successful repair
(absence or mild 1" residual mitral regurgitation), confirm-
ing the appropriate repair-targeting surgical diagnosis. In
contrast, unsuccessful first-pump-running MV repair was
found in 20 of 222 patients with residual "2" mitral
regurgitation related to unrecognized secondary prolapse
(12 patients), persistent systolic anterior motion after opti-
mization of the load condition (2 patients) or complex
prolapse lesions associated with annular calcification (6
patients). A second pump run was performed to optimize the
repair strategy (14 patients) or replace the mitral valve (6
patients with annular calcification). Twelve patients were

Figure 2. Prolapse localization. Per-patient prolapse localization in 222 patients according to surgical findings. Boxes indicate number of monosegment or
commissural lesions; solid lines, multisegment monoleaflet lesions; arrowed solid lines, bileaflet facing lesions; arrowed broken lines, nonfacing bileaflet
lesions; dotted lines and asterisk, combined commissure and leaflet lesions. ALC # anterolateral commissure; PMC # posteromedial commissure; P1, P2,
P3 # lateral, middle, and medial scallop of posterior leaflet, respectively; A1, A2, A3 # lateral, middle, and medial segment of anterior leaflet, respectively.
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randomly selected from the study population. In particular,
the observer variability for RT3D-TEE in prolapse diagno-
sis and dominant or secondary lesion recognition was as-
sessed by retesting the multiplanar reconstruction analysis
and measurement of the segmental MV displacement above
the annulus.

With cardiopulmonary bypass and cardioplegic arrest,
the MV anatomy was independently assessed in every pa-
tient by 2 expert surgeons (!500 mitral repairs performed).
The modified Carpentier nomenclature was applied to de-
pict the MV anatomy using the commissures as the referral
points. To depict the MV anatomy, a scallop was identified
as a segment of a leaflet between 2 clefts. The sighted
intraleaflet indentations involving !50% of the leaflet
length, together with recognition of related chordae inser-
tion, were identified as clefts, and indentations below this
cutoff were considered subclefts. The multiple middle scal-
lops observed between P1 and P3 and the presence of
ruptured chordae tendinee (flail) were annotated. Prolapsing
segments were carefully identified in every patient by 2
expert surgeons using the anulus at the base of the anterior
or posterior leaflets as the reference point for the leaflet
free-edge coaptation. The prolapse height was evaluated
with 2 hooks used to pull the anterior and posterior leaflet
free edges. Dominant prolapsing lesions were identified by
the clear displacement (!5 mm) of the free edge of the MV
segments above the annular reference point. Keeping the
annular plane as a reference point, the remaining MV seg-
ments were subsequently compared and classified as a sec-

ondary prolapse (minor overriding compared to the annular
plane and the dominant lesion) or normal (absence of an-
nular overriding). Therefore, using the anatomic findings,
the surgeons targeted the main repair strategy to the domi-
nant lesions, adding minor procedures for the secondary
lesions. Intraoperative routine evidence from TEE of
successful targeting repair was also used as supportive
diagnostic criteria for surgically recognized prolapsing seg-
ments. The surgeons were aware of the 2D echocardio-
graphic diagnosis but were unaware of the 3D-specific in-
formation.

The quantitative variables with tested normal distribution
and categorical variables are expressed as the mean ! SD
and percentages, respectively. The sensitivity and specific-
ity of the 2D and 3D images for the identification of both
dominant and secondary prolapsed segments were calcu-
lated using the surgical findings as reference. To compen-
sate for the intracluster correlation effect, weighted sensi-
tivity and specificity with 95% confidence intervals were
calculated using data corrected for the clustering of prolaps-
ing segments within patients.13 The subjects with nondiag-
nostic image quality were excluded from segment analysis.
In addition to the segmental-related analysis, we analyzed
the 2D and RT3D echocardiographic accuracy for patient-
related MV prolapse localization. The inability of echocar-
diographic imaging to recognize and/or assign prolapse le-
sions to the surgical localization was calculated as a false
result. For the purpose of the statistical analysis, the multi-
scallops P2, observed between P1 and P3, were classified as

Figure 1. RT3D-TEE. Cropped multiplanar images of 3D zoom data set of MV for quantitative evaluation of leaflet tip displacement above anulus hinge point
along intercommissural coaptation line. (A) Surgical view of MV showing dominant prolapse and flail of middle scallop of posterior leaflet (0) and possible
secondary prolapse of medial segments of both leaflets (*). (B1, B2, B3) Cross-section reference of cutting plane to guide prolapse measurement. (C1) Normal
coaptation; (C2) 7-mm displacement (arrow) of middle segment of posterior leaflet (dominant prolapse) with ruptured chordae tendineae; and (C3) 3-mm
displacement (arrow) of medial segment of posterior leaflet (secondary prolapse) without prolapse of medial segment of anterior leaflet (maintaining free edge
into left ventricular side).
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Real-Time Three-Dimensional Transesophageal Echocardiography
for Assessment of Mitral Valve Functional Anatomy in Patients
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Egidio Collu, MDa, Stefano Benussi, MDb, Michele De Bonis, MDb,
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The aim of the study was to evaluate the additional diagnostic value of real-time 3-dimen-
sional transesophageal echocardiography (RT3D-TEE) for surgically recognized mitral
valve (MV) prolapse anatomy compared to 2-dimensional transthoracic echocardiography
(2D-TTE), 2D-transesophageal echocardiography (2D-TEE), and real-time 3D-transtho-
racic echocardiography (RT3D-TTE). We preoperatively analyzed 222 consecutive pa-
tients undergoing repair for prolapse-related mitral regurgitation using RT3D-TEE, 2D-
TEE, RT3D-TTE, and 2D-TTE. Multiplanar reconstruction was added to volume-
rendered RT3D-TEE for quantitative prolapse recognition. The echocardiographic data
were compared to the surgical findings. Per-patient analysis of RT3D-TEE identified
prolapse in 204 patients more accurately (92%) than 2D-TEE (78%), RT3D-TTE (80%),
and 2D-TTE (54%). Even among those 60 patients with complex prolapse (>1 segment
localization or commissural lesions), RT3D-TEE correctly identified 58 (96.5%) compared
to 42 (70%), 31 (52%), and 21 (35%) detected by 2D-TEE, RT3D-TTE, and 2D-TTE (p <
0.0001). Multiplanar reconstruction enabled RT3D-TEE to differentiate dominant
(>5-mm displacement) and secondary (2 to <5-mm displacement) prolapsed segments in
agreement with surgically recognized dominant lesions (100%), but with a low predictive
value (34%) for secondary lesions. In addition, owing to the identification of clefts and
subclefts (indentations of MV tissue that extended >50% or <50% of the total leaflet
height, respectively), RT3D-TEE accurately characterized the MV anatomy, including that
which deviated from the standard nomenclature. In conclusion, RT3D-TEE provided more
accurate mapping of MV prolapse than 2D imaging and RT3D-TTE, adding quantitative
recognition of dominant and secondary lesions and MV anatomy details. © 2011 Elsevier
Inc. All rights reserved. (Am J Cardiol 2011;107:1365–1374)

Accurate localization of the valve lesion is crucial when
planning the surgical repair strategy for prolapse-related
mitral regurgitation.1–3 The recent availability of the Mitra-
Clip system further imposes a detailed depiction of mitral
valve (MV) anatomy to predict and monitor percutaneous
valve repair.4 The accuracy of 2-dimensional transthoracic
echocardiography (2D-TTE) and transesophageal echocar-
diography (2D-TEE) can be affected by a nonsimultaneous
and limited cutting plane that is unable to provide a com-
prehensive MV image, together with operator experience
and a suboptimal acoustic window.5–8 The recent availabil-
ity of real-time 3-dimensional transesophageal echocardiog-
raphy (RT3D-TEE) might drive forward the diagnostic ca-
pability of ultrasound imaging, providing an immediate
anatomic view of the MV similar to that seen by the sur-
geon.9,10 The aim of the present study was to evaluate the
additional diagnostic value of RT3D-TEE compared to 2D

imaging (2D-TTE and 2D-TEE) and RT3D-TTE for MV
functional anatomy assessment, using as a standard the
surgical findings in a group of patients with prolapse-related
mitral regurgitation undergoing valve repair.

Methods

From May 2008 to January 2009, we prospectively en-
rolled 222 consecutive patients referred to our institute for
surgical repair of prolapse-related mitral regurgitation. The
inclusion criteria for the study were MV prolapse with
related severe mitral regurgitation (effective regurgitant or-
ifice !0.4 cm2, vena contracta !7 mm, regurgitant volume
!60 ml); a complete transthoracic and transesophageal pre-
operative echocardiographic study; and surgical MV repair
within 1 uneventful week from the ultrasound evaluation.
To avoid potentially confounding factors on the MV pro-
lapse appearance, we excluded those patients with associ-
ated valvular heart disease needing surgical correction (20
subjects), an unstable critically ill condition, or severe left
ventricular pump dysfunction (ejection fraction "40%; 30
subjects). One additional subject was excluded because of a
contraindication to TEE. The clinical and echocardiographic
characteristics of the study population are listed in Table 1.

aEchocardiography Unit and bCardiac Surgery Department, San Raf-
faele Scientific Institute, Milan, Italy. Manuscript received September 23,
2010; manuscript received and accepted December 17, 2010.

*Corresponding author: Tel: (0039) 022-643-7156-7109; fax: (0039)
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sional transesophageal echocardiography (RT3D-TEE) for surgically recognized mitral
valve (MV) prolapse anatomy compared to 2-dimensional transthoracic echocardiography
(2D-TTE), 2D-transesophageal echocardiography (2D-TEE), and real-time 3D-transtho-
racic echocardiography (RT3D-TTE). We preoperatively analyzed 222 consecutive pa-
tients undergoing repair for prolapse-related mitral regurgitation using RT3D-TEE, 2D-
TEE, RT3D-TTE, and 2D-TTE. Multiplanar reconstruction was added to volume-
rendered RT3D-TEE for quantitative prolapse recognition. The echocardiographic data
were compared to the surgical findings. Per-patient analysis of RT3D-TEE identified
prolapse in 204 patients more accurately (92%) than 2D-TEE (78%), RT3D-TTE (80%),
and 2D-TTE (54%). Even among those 60 patients with complex prolapse (>1 segment
localization or commissural lesions), RT3D-TEE correctly identified 58 (96.5%) compared
to 42 (70%), 31 (52%), and 21 (35%) detected by 2D-TEE, RT3D-TTE, and 2D-TTE (p <
0.0001). Multiplanar reconstruction enabled RT3D-TEE to differentiate dominant
(>5-mm displacement) and secondary (2 to <5-mm displacement) prolapsed segments in
agreement with surgically recognized dominant lesions (100%), but with a low predictive
value (34%) for secondary lesions. In addition, owing to the identification of clefts and
subclefts (indentations of MV tissue that extended >50% or <50% of the total leaflet
height, respectively), RT3D-TEE accurately characterized the MV anatomy, including that
which deviated from the standard nomenclature. In conclusion, RT3D-TEE provided more
accurate mapping of MV prolapse than 2D imaging and RT3D-TTE, adding quantitative
recognition of dominant and secondary lesions and MV anatomy details. © 2011 Elsevier
Inc. All rights reserved. (Am J Cardiol 2011;107:1365–1374)

Accurate localization of the valve lesion is crucial when
planning the surgical repair strategy for prolapse-related
mitral regurgitation.1–3 The recent availability of the Mitra-
Clip system further imposes a detailed depiction of mitral
valve (MV) anatomy to predict and monitor percutaneous
valve repair.4 The accuracy of 2-dimensional transthoracic
echocardiography (2D-TTE) and transesophageal echocar-
diography (2D-TEE) can be affected by a nonsimultaneous
and limited cutting plane that is unable to provide a com-
prehensive MV image, together with operator experience
and a suboptimal acoustic window.5–8 The recent availabil-
ity of real-time 3-dimensional transesophageal echocardiog-
raphy (RT3D-TEE) might drive forward the diagnostic ca-
pability of ultrasound imaging, providing an immediate
anatomic view of the MV similar to that seen by the sur-
geon.9,10 The aim of the present study was to evaluate the
additional diagnostic value of RT3D-TEE compared to 2D

imaging (2D-TTE and 2D-TEE) and RT3D-TTE for MV
functional anatomy assessment, using as a standard the
surgical findings in a group of patients with prolapse-related
mitral regurgitation undergoing valve repair.

Methods

From May 2008 to January 2009, we prospectively en-
rolled 222 consecutive patients referred to our institute for
surgical repair of prolapse-related mitral regurgitation. The
inclusion criteria for the study were MV prolapse with
related severe mitral regurgitation (effective regurgitant or-
ifice !0.4 cm2, vena contracta !7 mm, regurgitant volume
!60 ml); a complete transthoracic and transesophageal pre-
operative echocardiographic study; and surgical MV repair
within 1 uneventful week from the ultrasound evaluation.
To avoid potentially confounding factors on the MV pro-
lapse appearance, we excluded those patients with associ-
ated valvular heart disease needing surgical correction (20
subjects), an unstable critically ill condition, or severe left
ventricular pump dysfunction (ejection fraction "40%; 30
subjects). One additional subject was excluded because of a
contraindication to TEE. The clinical and echocardiographic
characteristics of the study population are listed in Table 1.
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value to discriminate dominant from secondary lesions.
Using these diagnostic criteria, our large study population,
characterized by a relevant percentage of patients with com-
plex MV disease, found that RT3D-TEE was both more
accurate and more reproducible than 2D imaging for the
assessment of MV lesions. According to the per-patient
analysis, RT3D-TEE provided incremental diagnostic
value, especially for the assessment of complex multiseg-
ment MV disease involving one or both leaflets compared to
simple monoleaflet lesions. Therefore, RT3D-TEE allows a

comprehensive balance of functional MV anatomy, target-
ing the mitral regurgitation mechanism and the related sur-
gical strategy.22 These findings could be of paramount rel-
evance owing to the less-than-optimal results of surgical
repair, especially in those patients with multisite prolapse,
in the current era.23–26

Carpentier’s nomenclature describes 2 clefts in the pos-
terior leaflets; this was seen by Quill et al27 to be true only
in 66% of the examined hearts. Although the standard clefts
separating P1 from P2 and P2 from P3 were found to be

Figure 5. 3D-TEE and anatomic surgical picture showing 3 middle scallops of posterior leaflet (P2a, P2b, P2c) split by complete clefts (arrows). P1 ! lateral
scallop, P3 ! medial scallop.

Figure 6. 3D-TEE. (A,C) Imaging compared to surgical findings (B,D) in 2 patients with different anatomy of middle scallop (P2) of posterior leaflet. (A)
Monolobe P2 clearly separated by 2 clefts (arrows) from lateral (P1) and medial (P3) scallops of posterior leaflet, mirrored by surgical view (B). (C) Bilobe
P2 with 2 subunits M1 and M2 owing to incomplete indentation (pseudocleft, broken arrow) confirmed by surgical anatomy (D).
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Figure 6. 3D-TEE. (A,C) Imaging compared to surgical findings (B,D) in 2 patients with different anatomy of middle scallop (P2) of posterior leaflet. (A)
Monolobe P2 clearly separated by 2 clefts (arrows) from lateral (P1) and medial (P3) scallops of posterior leaflet, mirrored by surgical view (B). (C) Bilobe
P2 with 2 subunits M1 and M2 owing to incomplete indentation (pseudocleft, broken arrow) confirmed by surgical anatomy (D).

1372 The American Journal of Cardiology (www.ajconline.org)

value to discriminate dominant from secondary lesions.
Using these diagnostic criteria, our large study population,
characterized by a relevant percentage of patients with com-
plex MV disease, found that RT3D-TEE was both more
accurate and more reproducible than 2D imaging for the
assessment of MV lesions. According to the per-patient
analysis, RT3D-TEE provided incremental diagnostic
value, especially for the assessment of complex multiseg-
ment MV disease involving one or both leaflets compared to
simple monoleaflet lesions. Therefore, RT3D-TEE allows a

comprehensive balance of functional MV anatomy, target-
ing the mitral regurgitation mechanism and the related sur-
gical strategy.22 These findings could be of paramount rel-
evance owing to the less-than-optimal results of surgical
repair, especially in those patients with multisite prolapse,
in the current era.23–26

Carpentier’s nomenclature describes 2 clefts in the pos-
terior leaflets; this was seen by Quill et al27 to be true only
in 66% of the examined hearts. Although the standard clefts
separating P1 from P2 and P2 from P3 were found to be

Figure 5. 3D-TEE and anatomic surgical picture showing 3 middle scallops of posterior leaflet (P2a, P2b, P2c) split by complete clefts (arrows). P1 ! lateral
scallop, P3 ! medial scallop.

Figure 6. 3D-TEE. (A,C) Imaging compared to surgical findings (B,D) in 2 patients with different anatomy of middle scallop (P2) of posterior leaflet. (A)
Monolobe P2 clearly separated by 2 clefts (arrows) from lateral (P1) and medial (P3) scallops of posterior leaflet, mirrored by surgical view (B). (C) Bilobe
P2 with 2 subunits M1 and M2 owing to incomplete indentation (pseudocleft, broken arrow) confirmed by surgical anatomy (D).

1372 The American Journal of Cardiology (www.ajconline.org)

value to discriminate dominant from secondary lesions.
Using these diagnostic criteria, our large study population,
characterized by a relevant percentage of patients with com-
plex MV disease, found that RT3D-TEE was both more
accurate and more reproducible than 2D imaging for the
assessment of MV lesions. According to the per-patient
analysis, RT3D-TEE provided incremental diagnostic
value, especially for the assessment of complex multiseg-
ment MV disease involving one or both leaflets compared to
simple monoleaflet lesions. Therefore, RT3D-TEE allows a

comprehensive balance of functional MV anatomy, target-
ing the mitral regurgitation mechanism and the related sur-
gical strategy.22 These findings could be of paramount rel-
evance owing to the less-than-optimal results of surgical
repair, especially in those patients with multisite prolapse,
in the current era.23–26

Carpentier’s nomenclature describes 2 clefts in the pos-
terior leaflets; this was seen by Quill et al27 to be true only
in 66% of the examined hearts. Although the standard clefts
separating P1 from P2 and P2 from P3 were found to be

Figure 5. 3D-TEE and anatomic surgical picture showing 3 middle scallops of posterior leaflet (P2a, P2b, P2c) split by complete clefts (arrows). P1 ! lateral
scallop, P3 ! medial scallop.

Figure 6. 3D-TEE. (A,C) Imaging compared to surgical findings (B,D) in 2 patients with different anatomy of middle scallop (P2) of posterior leaflet. (A)
Monolobe P2 clearly separated by 2 clefts (arrows) from lateral (P1) and medial (P3) scallops of posterior leaflet, mirrored by surgical view (B). (C) Bilobe
P2 with 2 subunits M1 and M2 owing to incomplete indentation (pseudocleft, broken arrow) confirmed by surgical anatomy (D).

1372 The American Journal of Cardiology (www.ajconline.org)

Conclusion	
  

Chordae	
  

Leaflets	
  

Ring	
  

History	
  



OBADIA	
  Jean-­‐François 	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PMVR	
  Summit	
  –	
  Barcelona	
  -­‐	
  19-­‐20th	
  	
  June	
  2015 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Download	
  this	
  presenta0on	
  on	
  	
  «	
  chircardio-­‐lyon.org	
  »	
  	
  

The aortic leaflet is a compact, semicircular structure, without any
indentation. It is positioned antero-superiorly in the left ventricle.
When viewed from the ventricular aspect, the defining feature of
the aortic leaflet, and the reason for this name, is seen to be its fibrous
continuity with the left and non-coronary leaflets of the aortic valve.
Indeed, unlike the tricuspid valve which is separated by muscle from
its counterpart, the pulmonary valve, the mitral valve is immediately
adjacent to the aortic valve. The insertion of the aortic leaflet, guards
about 35 to 40% of the annular circumference and it is fibrous with
some scarce muscular intrusions. The two leaflets of the mitral
valve, although very different in shape, they share an almost equal
area. It is made largely by a smooth zone, which is devoid by tendi-
nous chords. The layered attachments of the tendinous chords repre-
sent the so called rough zone (Fig. 5) [11]. The rough zone is present
in both leaflets and is broadest in the lowest portion of each leaflet,
but tapers toward the periphery of the closure line, the commissures.
It includes the coaptation zone, where the leaflets meet with the pos-
terior leaflet, 4–6 mm deep into the ventricle.

The mural leaflet, normally called posterior, has more variability
than the anterior leaflet. It is narrow and extends two-thirds around
the left atrioventricular junction within the inlet portion of the ven-
tricle. Made mainly by three scallops, there is still debate if it repre-
sents a single unit or a whole of independent leaflets. The three
scallops are named, from the anterolateral to the posterolateral com-
missures, respectively P1, P2 and P3 (Fig. 6). The facing corresponding
portions of the anterior leaflet, for practical reasons, are called A1, A2
and A3, even if in the anterior leaflet no scallop can be identified [13].

Recent anatomical studies, however, showed that the usual pat-
tern “anterior leaflet=no cleft; posterior leaflet=two clefts” is not
the commonest one [12]. A deviant cleft in the anterior leaflet is pre-
sent in 26.3% of the cases, whereas in the posterior leaflet 2 clefts are
present only in 38.9% of the cases, no cleft at all in 2.8%, 1 cleft in
33.3%, 3 clefts in 13.9% or 4 clefts in 11.1%. In 36.9% of the cases 1 de-
viant cleft was present in mid A2, mid P2 or in both.

The mitral valvar leaflets close along a solitary zone of apposition;
the extremities of this zone do not reach the annulus. The portions
beyond the end of the zone of apposition are called commissures;
they are commonly known as antero-lateral and postero-medial com-
missures, based on a description of isolated organ in its own. The
antero-lateral commissure position is superior, posterior, lateral,
while the postero-medial is inferior, anterior, septal, if considering
heart in the body [12,14].

The aortic leaflet is a monolithic structure, which participates pas-
sively in the mechanism of closure of the valve. In fact its insertion in-
cludes all the fibrous tissue of the mitral annulus, which then does not
participate to the change of the mitral area during the cardiac cycle
[15]. On the contrary the posterior leaflet is the key structure in the
closure of the valve. Its structure is similar to a skirt with pleats.
When the posterior annulus contracts, first the scallops coapt togeth-
er, then the leaflet, moving towards the anterior one, coordinates the

valve closure process. This mechanism determines the complete clo-
sure (coaptation) and correct apposition (symmetrical overlap) of
both leaflets that are essential in preventing regurgitation.

1.3. The subvalvular apparatus

Since Leonardo da Vinci (1513), researchers have understood that
the competence of the valve cannot be afforded by leaflets without
the support of subvalvular apparatus. In the normal valve, groups of
cords sprout from both papillary muscles, forking, and support the
leading edges of both leaflets. The tendinous cords of the mitral
valve are attached to two groups of papillary muscles or directly to
the posterior muscular wall for the tensor apparatus of the valve
[16]. There are different classifications of mitral tendinous cords as
summarized by Muresian [1]. In 1970, Lam and coworkers [17] classi-
fied them on the basis of their insertions on the leaflets. The tendi-
nous cords referred to as first order, or primary, if they insert on the
free edge of mitral leaflets (Fig. 7). Among them, commissural cords
can be identified for their fan-like arrangement. The cords found in
the posterior leaflet between adjacent segments of the leaflets (scal-
lops) are called cleft cords. All the cords which do not insert on the
free edge are called second order cords (Fig. 7) and ensure that the
coapting surfaces meet during systolic closure. Those which insert
on the anterior leaflet, if thickened, are called strut cords. Generally
these arise from the tip of each papillary muscle and are thought to
be the strongest. Finally, some cords take origin from the parietal ven-
tricular wall and are joined to the ventricular face of the mural leaflet,
the so-called basal cords. In the past, the basal cords have been con-
sidered to represent cords of a third order, but today they are consid-
ered as belonging to the second order since they insert into the
ventricular aspects of the leaflets.

The papillary muscles function as shock absorbers that compen-
sate for the geometric changes of the left ventricular wall. This

Fig. 5. The rough zone (RZ) is the border area where tendinous cords attach. The larger
remaining portion of the leaflet is called smooth zone (SZ).

Fig. 6. (A) The mural leaflets is made mainly by three scallops, named, from the ante-
rolateral to posteromedial P1, P2 and P3. (B) The three posterior scallops, the anterolat-
eral (ALc) and posteromedial (PMc) commissures.
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annulus into two-thirds of the leaflet; it is absent at the free edge.
The final layer of the mitral leaflet is the ventricularis, which is
covered by a continuous sheet of endothelial cells that overlie
elastic fibres and collagen fibres. The thickness of each layer
varies from the attachment site at the annulus to the free edge.
At the proximal region of the leaflet, near the annulus,
the fibrosa is the thickest layer but it becomes thinner towards

the free edge of the leaflet and is totally absent at the edge.
The spongiosa and atrialis layers increase in thickness distally
becoming the main component of the leaflet at the free edge.

Myocardial cells from the atrium do extend a short distance
into the base of the mitral leaflet supporting the leaflet.
However, there is no myocardial continuity between the atrial
and ventricular walls in the normal leaflet. At the atrioventricular

Figure 2 (A) The aortic leaflet of the mitral valve is in fibrous continuity with the leaflets of the aortic valve, this comprises the clear zone of
the leaflet. The undersurface of the rough zone in this mitral leaflet has many cordal attachments. (B) The mural leaflet of the mitral valve has a
basal zone (bracket) which inserts into the annulus at the left atrioventricular junction (arrow).

Figure 3 View of the ventricular surface of an adult mitral valve. The chords extend not only from the free edge of the leaflet to the papillary
muscles but also from the ventricular surface. This difference in chordal attachement, such as the stabilizing strut chords connecting the ven-
tricular surface to the papillary muscles, demonstrates that the thickness and morphology of the leaflet varies from the annular attachment to
the free edge.
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anterior mitral leaflet and chordae supported by the
anterior papillary muscle (called “M1”) were identified as
A1, the commissure as C1, and the anterolateral scallop
of the posterior leaflet as P1.

The other half of the anterior leaflet, commissure, and
posteromedial scallop supported by the posterior papil-
lary muscle (called “M2”) were identified as A2, C2, and
P2. Because it is supported by chordae from both papil-
lary muscles (M1 and M2), the posterior middle scallop
(PM), was divided into PM1 and PM2. The two trigones
were identified as T1 for the left and T2 for the right.

Similar with previously published classifications, the
mitral chordae were divided into marginal (first order)
when inserted into the leaflet’s free edge and basal
(second order) when inserted into the ventricular aspect
of the body of the leaflets [6–8]. All chordae were
identified by their insertion into the anterior leaflet (A1
and A2) and posterior mitral leaflet (P1, PM1, PM2, and
P2). The two constant and thick anterior (AS) and poste-
rior (PS) strut chordae were identified as AS1 and AS2 for
the anterior and PS1 and PS2 for the posterior. The other

basal chordae located lateral to the AS and PS were
termed AB1 and AB2 for the anterior, and PMB1 and
PMB2 for the middle scallop of the posterior leaflet (Fig 2
and Fig 3). For the purpose of this study, pure (or
marginal) basal chordae were defined as those with no
other type of chordae arising from them; they were
labeled “mixed” when the chordae had both basal and
marginal branches.

Measurements
Before examination of each heart, the aorta and pulmo-
nary artery were resected 1 cm above the valve commis-
sure, and each heart was weighed. To verify the absence
of mitral regurgitation, each valve was inspected through
the left atrium while saline was pressure-injected
through the aorta. The aortic and mitral valve annulus
diameters were measured with Hegar probes. The heart
was then sectioned vertically through the right coronary
sinus of Valsalva, interventricular septum, and right
ventricular free wall to allow a ventricular view of the

Fig 1. Terminology superimposed on an atrial view of the mitral valve.
(T1 ! left trigone; T2 ! right trigone; C1 ! anterolateral commissure;
C2 ! posteromedial commissure; A1 and A2 ! anterior leaflet; P1 and
P2 ! posterior leaflet lateral scallops; PM1 and PM2 ! anterolateral
and posteromedial segments of the posterior leaflet mid-scallop; M1 !
anterolateral papillary muscle; M2 ! posteromedial papillary muscle.)

Fig 2. A diagram and photograph of the ventricular
aspect of the anterior mitral leaflet show the anterior
basal chordae. (Tl ! left trigone; T2 ! right trigone;
AB1 ! anterolateral basal chorda; AB2 ! posteromedial
basal chorda; AMC ! aortomitral curtain; AS1 ! an-
terolateral strut chorda; AS2 ! posteromedial strut chor-
da; M1 ! anterolateral papillary muscle; M2 ! pos-
teromedial papillary muscle; Rz ! rough zone; Sz !
smooth zone.)

Fig 3. A ventricular view of the posterior mitral leaflet outlines the
posterior strut chordae. (PS1 ! posterior strut chorda arising from
anterolateral papillary muscle; PS2 ! posterior strut chorda arising
from posteromedial papillary muscle.)
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anterior basal chordae (Fig 3). The left ventricle was then
sectioned vertically from the apex to the middle point of
the posterior mitral annulus to expose the posterior basal
chordae. Finally, the atrial and ventricular myocardium
was excised, leaving the mitral annulus, leaflets, chordae,
and papillary muscles. Under transillumination, the
height of each leaflet (free edge to annulus), length of the
rough and smooth zones, and the mitral annulus perim-
eter were measured with calipers (data not shown).

The number, distribution, length, and thickness of all
anterior and posterior basal chordae were measured. The
origin from each papillary muscle was recorded as low,
middle, or high according to whether the basal chorda
originated at the base, body, or tip of the papillary
muscle. Photographs and drawings were taken of each
specimen.

All data are reported as mean ! the standard devia-
tion. Data were compared using a t test for paired
observations, with the level of significance set at p " 0.05
for statistical comparison within a species. Interspecies
comparisons of basal chorda number were done using

analysis of variance (ANOVA), with Bonferroni correc-
tion using XLSTAT 2007 software (Addinsoft SARL, Paris,
France).

Results

The heart weights, aortic and mitral annulus diameters,
and the measured distances are summarized in Table 1.
There were no differences in mitral orifice diameter
between measurements with a Hegar dilator or measur-
ing the mitral perimeter in the open heart.

The basal chordae were easily identified by their tri-
angular-shaped insertion into the ventricular aspect of
the leaflets. The total number of basal chordae was
18.81 ! 3.54 in the human, 24.6 ! 4.21 in the porcine, and
19.4 ! 2.98 in the ovine valves. A statistically significant
difference was found between the number of basal chor-
dae in the human and porcine valves but not in the
human and ovine valves (ANOVA, Bonferroni corrected
significance level, p # 0.0167).

The leaflet insertion of the basal chordae into the
undersurface of the anterior leaflet was at the junction of
the smooth and rough zones (Fig 2). The anterior leaflet
smooth zone height varied considerably between indi-
vidual valves: mean 10.78 ! 3.20 mm in porcine (range, 5
to 15.88 mm); 6.46 ! 1.66 mm in ovine (range, 5 to 9.7
mm), and 10.22 mm ! 1.71 in humans (range, 6.77 to 12.01
mm). The leaflet insertion of the basal chordae into the
posterior leaflet and commissural areas was always close
to the annulus in all three species (Fig 3). In fact, except
for the anterior leaflet, all basal chordae were inserted
around the annulus (Fig 4).

The AS and PS chordae were easily identified in all
three species as the most medial basal chordae and could

Fig 4. Left atrial view of the mitral valve. The continuous line rep-
resents basal chorda insertions into leaflets. Large stars represent the
insertion of the anterior strut chordae. Smaller stars represent the
insertion of the posterior strut chordae. Dots correspond to insertions
of basal chordae. (AS1 and AS2 # anterior strut chordae; AB1 and
AB2 # lateral anterior basal chordae; PS1 and PS2 # posterior strut
chordae; PMB1 and PMB2 # lateral posterior basal chordae.)

Table 1. Human, Porcine, and Ovine Mitral Valve General
Measurementsa

Measurement Human Porcine Ovine

Heart weight (g) 309.54 ! 80.63 466 ! 107.5 271 ! 54.9
Aortic annulus

diameter (mm)
21.90 ! 1.86 21 ! 2.10 18.9 ! 1.37

Mitral annulus
diameter (mm)

29.54 ! 2.54 28.1 ! 3.54 24.7 ! 3.46

Intertrigonal distance
(mm)

27.45 ! 4.13 27.7 ! 5.2 20.76 ! 3.49

T1-M1 (mm)b 14.98 ! 4.25 25.2 ! 2.06 22.2 ! 2.68
T2-M2 (mm)c 18.21 ! 4.60 28.6 ! 3.05 24.64 ! 2.38

a Measurements are presented as mean ! standard deviation. b T1-M1 is
the distance from anterior papillary muscle tip to left trigone. c T2-M2 is the
distance from posterior papillary muscle tip to right trigone.

Table 2. Length of Anterior and Posterior Strut Chordae and
Other Basal Chordaea

Chordaeb Human Porcine Ovine

Anterior mitral leaflet
AS 18.08 ! 3.60 25.91 ! 3.29 21.79 ! 3.06
AS1 17.02 ! 3.09 24.91 ! 3.14 21.36 ! 2.57
AS2 19.14 ! 3.89 26.92 ! 3.29 22.21 ! 3.57
AB 16.95 ! 3.9 21.49 ! 4.26 18.18 ! 3.29
AB1 15.46 ! 2.42 18.77 ! 2.53 17.41 ! 2.75
AB2 18.45 ! 4.59 24.54 ! 3.74 19.18 ! 3.87

Posterior mitral leaflet
PS 18.86 ! 3.52 21.11 ! 4.21 18.75 ! 3.21
PS1 18.47 ! 3.49 21.73 ! 4.59 19.39 ! 2.09
PS2 19.24 ! 3.84 20.49 ! 3.94 18.10 ! 4.05
PB 16.63 ! 2.85 18.22 ! 4.62 14.62 ! 3.05
PB1 16.94 ! 3.43 17.83 ! 4.15 14.87 ! 3.29
PB2 16.32 ! 2.43 18.62 ! 5.24 14.40 ! 2.97

a Values are in mm and are presented as mean ! standard deviation. b The
numeral 1 designates all chordae inserted into left mitral hemivalve. The
number 2 designates all chordae inserted into right hemivalve.

AB # basal chordae located lateral to the anterior strut chordae; AS #
anterior strut chorda; PB # basal chordae located lateral to the
posterior strut chordae; PS # posterior strut chordae.
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Mitral Subvalvular Apparatus
Different Functions of Primary and Secondary Chordae

Jean F. Obadia. MD. PhD; Cendrine Casali, MSc: Jean F. Chassignolle. MD: Marc Janier. MD

Ilackground Thc aint ol this stucly was to compare the
lunction of the primarv chordac attachcd to the free eclge with
that of the seconclary chorclae attached to the t,entricular
surface ol the anterior mitral leaflct.

Methods and Results An isolated working pig heart model
was used. 

'fhree 
groups of 7 heiirts werc colrpared: Group A

lv:rs the control groLrp with intact leaflcts. In group B, thc
primarv chordae of the antcrior leaflel were se ct ioned and the
secondaru chordae werc left  intact before assemblv of the
working heart model. In group Cl, the secondary chordac were
sectioned and the primary chordae left  intact. In group I l ,  atr ial
and ventr icular prcssure cl ' ic lenced dramatic rnitral regurgita-
t ion. Vidco monitoring showerl signif icirnt prolapse of the free
edgc of the anterior lcaf let.  Acute mitral regurgitat ion ac-
counted lbr the decrease in aortic flow rate to 30 ml/min.

here are sevcral arguments in favor of preservin-u,
insofâr as possible, the internal structure of the
left ventricle during mitral valve surgery.L-3 Such

arguments favor mitral repair rather than replacement
whcnever possible.a In prosthetic valve replacèment, the
postcrior leaflet is now generaily prcserved by the ma-
jority of surgeons,..{ ' and there is increasing emphasis on
the importance of preserving the antericlr nitral valve in
several techniques.T.s 'fhe 

dual role of left vcntricular
competence and function of the mitral valve is therefore
acknowledged, though globally, on the basis of argu-
ments regarding lcfi ventricular function and postoper-
ative course after valve replacement.')

This research aimed to investigate antl cletermine the
anatomic mechanisms enabling thc mitral valve to play
this dual role and to comparc the clifferent functioni of
primaw and secondary chordae.

Methods
'fhis invesrigation complied with thc Guùle for Care anrJ Lrse

of Luboratory Aninral.s publishe d bv the US National Institutes
of Health (NIH publication No. 85-23, rcvised 198-5).

T'he study used an isolatcd working heart model (Fig 1).
Mongrel pigs weighing 25 to 30 ks rvere sedatecl with droperi-
dol. An intravenous linc wirs inserted in an ear vein for Ringer's
lactate drip and intusion ol thiopental ancl pancuronium.
Breathing was controlled bv trlche;)tonry ientlotrachcal intu-
bation. tube No. 8) and mechanical vcnti lation (Monal; minute
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signif icantly lower than in the control group (P:,006). In
C, sectioning of the secondarv chordae left a competent mit
valve tosether rvi th good coaptation of the anterior and
rior leaflets shown by video monitoring. However. aortiè
was lower than in the control group (P:.007). an<I ultr
crometry evidenced impaired function (P=.009).

Conclusions This study suggests that the primary and
ondary chordae of the mitral subvalvular appararus
di l lerent functions. 1'he prinrrn chordae of the ànterior le
appeared to be more involved in mitral valve compe
whereas the secondary chordae appeared to be more int
in left  ventr icular gcometry and function. (Cl
1997;96:3121-3128.)

Key llords r mitral valve r ventricles .
contraction

venti lat ion, 8 L: t idal volume, 450 mL; 50% oxygen).
sternotomy was then performed, and the heart was ha
by the usual method, after aortic clamping and infusion of
mL of crvstalloid solution (St Thomas No. 2) into the
root. f'he excised hearts were placed into cardioplegic fluid
4'C. Three groups of 7 hearts u'ere lormed by randomi
(Fig 2).

In group A (n:7), the control group, the left  atr ium
opened. but the mitral leaflets rvere left intact. The hearts
presened in cold cardioplegic i luid to t ime 20 minutes.

In group B (n:7), after the left  atr ium was opened,
primary chordac of the anterior leal]et (chordae attached
the free edge) rvere sectioned ar-rd the secondary
(chordae attached to the vcntricular side) left intact. -Ihis

l0 to l-5 minutes. The hcarts were thcn presen'ed in
i ' r r rd iop l r 'g ie  f l r r id  to  t i rne  2{ t  n r inurcs .

In group C (n:7), after the left atrium was opened,
secondary chordire of the rntcrior leaflet were seci ioned
the primarv chordae left  intact. This took 10 to 15 minures.
hcarts rvere then prescrved in cold cardioplegic fluid to trme
mlnutcs.

The preparation phasc therefore lasted :20 minutes in
thrcc groups before assembly of the isolated heart model.
consisted of ligature of the trvo venae cavae and cannula
the pulmonarv arten for coronarv venous return to the
Hcnseleit  1luid recycl ing circuit .  

' Ihis 
model (Fig 1) was

derived l iom Neclv's isolated working heart model.1o
perfusion lluid (Krebs-Henseleit) was recycled with
t ion and tempcri l ture maintenancc at 37'C ensured
membrane oxygenator (Cobe CML). T.he arteriovenous
cnce betwcen the Po. of the Krebs-I lenseleit  f luid
the arterial l ine (350 mm Hg) and the PaOl measured in
coronary return (8-5 mm FIg) remained constant th
d!:rronstrat ing good extraction, hence good-quali ty
oxvgenation. Thc heart was lirst suspendecl by the aortic
and reperfused at constant prcssure (80 mm Hg) as in
conventional Langendorl l  model.r l  During this period,
aort ic valve remained closed ancl the heart beat empry, wit
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Hemodynamic Results in Groups A (Control) ' B
(Primary Chordae Sectioned), and C (Secondary
Chordae Sectioned)

Group A Group B GrouP C

Aor t i c  f l ow ,  mUmin  1100+135

Sonomicrometry, SF,
% 21+3

30 :45  850 -1  04

2 3 * 6  1 7 * 3

86+8 /16+3  90+8 /14 *3

60a8 /16 *3  30+6 /17 *3

LeTt ventricular
pressure, mm Hg

Left atrial
pressure, mm Hg

1 0 1 / 1 3

25x3 /15 *2

roup
ritral
lsle:

G.n , *  i l î l î - i -C .or rn  B  (N:  ? )  i  ( i ro r rp  C (N =  ?)

J

SF indicates shortening fract ion. Values are meanlSD'

ultrasonomicrometry) werc recorded continuously for 10 min-

utes with Lab-Vierv software for PC. Aortic and coronary flow

rates wcrc measurccl directly in the aortic and pulmonary lines

on three occasions during those 10 minutes Afïer the record-

ing phase, a vicleo transmitter was inserted through a left  atr ial

bu"ria ancl a bursa located at the apcx of the left ventricle in

succession. Direct display of thc atr ial  and ventr icular surfaces

of the mitral valve r,vas thus possible with vicieo recording'

Because the hearts were attached by the aort ic root '  modi-

f icat ions of the ventr icular geometn could be suspected, and

the hearts werc also rested on a wet pad to mimic the normal

anatomv of the heart in the thorax r'vhere it rests on the

diaphragm.

Statistical AnalYsis
Because of the small size of the three study groups. which dicl

not al low anv assumptions about the distr ibution of the studied

parameters, analysis was performed rvith exact nonparamctric

i"rtt, *ith statxact (version 2) software. ProbabilitJ' values

rvere estimatecl bi/ Montc Carlo sampling with 4000 samplings

each t ime.rr The three groups were compared by the Kruskal-

Wall is test. ancl in case of signif icant results, 2X2 comparisons

rvere performed lvith the Wilcoxon test. Wc used Bonferroni

corrcôtion of the critical probabilit-v value to take into account

the number oi 2x2 comparisons performed for each parame-

ter. Consequentlv, differcnces betrveen two groups were con-

sidered signif icant at P<.0167.

Results
The mean wcight of the 21 hearts selected was

n5+22 g. Mean coronary flow was stable at 360-'-45

ml/min ôver the 10 minutes of measurement in the

working mode. Heart rate was also stable at 75+S bpm

over these 10 minutes. There was no between-group

difference in those parameters (weight. coronary output'

and heart rate) of the values obtained in each of thc

three grouPs.
ThJresults obtained during the recording phase are

given in the Table, and specimen curves captured and

iecorcled with Lab-View for PC are shown for each of

the three groups in Fig 3. In group B, atrial and

ventricular pressures showed'dramatic mitral regurgita-

tion, anci viâeo monitoring revealed marked prolapse of

the free edge of the anterior leaflet (Fig 4. top and

mictdle). Acute mitral regurgitation accounted for the

decrease in aortic llolv rate ro 30 ml-/min' compared

with 1100 ml/min in the control group (P=.006). How-

ever, ultrasonomicrometry showed that shortening frac-

tion was maintained by the decrease in afterload pro-

ducecl by the mitral regurgitation' In group C, despite

sectioning of the secondary chordae, the mitral valve

remained competent, and good coaptation of the ante-

rior anci posterior leaflets was confirmed by video mon-

floli,
omr-i

,li

have
aflet
)nCe,:t,
rlved.:l
tion:j

rdial

Fro 1. lsolated working pig heart model"-1 rndicates bubble

iàp; 2, postcfrarge; 3, oxygenator Cobe CML; P, rol ler pump; 4'

precharge; and 5, venous coronary llow'

eiect ion. The left  l tr ium was then connected to the atr ial

. ' t  ornf.,  (presstrre. l5 mm Hg). and air br-rbbles were expellcd'

The heari ' rvas thus in rvorking mode, with the lcft  vcntr icle

being f i l letJ hy thc left  atr ium, fol lowed bv eject ion toward thc

aort i .  The lci t  atr iunr and the left  ventr icle rvere then individ-

ual ly cathetcrized to al lorv pressure monitoring. The pressure

traniduccr usecl was a rigid fluid-lillcd cannula connected to a

Dressure transducer (Medex, SX 620 149 CST).
One pair of ultrasonic crystals (sonomicrometry) rvas uscd tt'r

assess àgional contractile function. 
'fhe crystals u'ere inserted

via smaliscalpel incisions into the subepicardium in the mid

anterolateral iegion of the left ventricle. Crystals were oriented

parallel to thJ minor aris of the left ventricle Segment
i h o r t e n i n g  ( S S )  r v a s  c a l c u l a t e d  a s  S S = ( e n d - d i a s t o l i c
length-enà-systol ic length)/end-diastol ic length and was ex-
preised as pe;centage of ba.sel ine valucs.1z Wc computed dPidt
ôf the l.fr ventricular pressure and used its marimum ancl
minimum values as end-diastol ic and end-systol ic t imc accord-
ing to the ref'erence technique.l:

Three eoicardial electrodes fbr ECG recording were posi-
tionecl. Thisc ooeratiotts lasted -20 minutes in Langendorll
mocle, a phase rcquir ing a 10-J shock to obtain defibri l lat ion.
fol lowecl by an equil ibrat ion period unti l  a stable. regular
rhythm rvas obtainecl,  then another -20 minutes in rvorking
mode before the various recordings rvere init iated. Al l  of the
parâmeters ( left  atr ial  prcssure, left  ventr icular pressure. antl

) .  A ,
:sted
f 500
rortic
Lid at
alr0n

t was
were

I  r h p
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cold '
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ne 20
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rectlY
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(Primary chordae sectioned),
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Mitral Subvalvular Apparatus
Different Functions of Primary and Secondary Chordae

Jean F. Obadia. MD. PhD; Cendrine Casali, MSc: Jean F. Chassignolle. MD: Marc Janier. MD

Ilackground Thc aint ol this stucly was to compare the
lunction of the primarv chordac attachcd to the free eclge with
that of the seconclary chorclae attached to the t,entricular
surface ol the anterior mitral leaflct.

Methods and Results An isolated working pig heart model
was used. 

'fhree 
groups of 7 heiirts werc colrpared: Group A

lv:rs the control groLrp with intact leaflcts. In group B, thc
primarv chordae of the antcrior leaflel were se ct ioned and the
secondaru chordae werc left  intact before assemblv of the
working heart model. In group Cl, the secondary chordac were
sectioned and the primary chordae left  intact. In group I l ,  atr ial
and ventr icular prcssure cl ' ic lenced dramatic rnitral regurgita-
t ion. Vidco monitoring showerl signif icirnt prolapse of the free
edgc of the anterior lcaf let.  Acute mitral regurgitat ion ac-
counted lbr the decrease in aortic flow rate to 30 ml/min.

here are sevcral arguments in favor of preservin-u,
insofâr as possible, the internal structure of the
left ventricle during mitral valve surgery.L-3 Such

arguments favor mitral repair rather than replacement
whcnever possible.a In prosthetic valve replacèment, the
postcrior leaflet is now generaily prcserved by the ma-
jority of surgeons,..{ ' and there is increasing emphasis on
the importance of preserving the antericlr nitral valve in
several techniques.T.s 'fhe 

dual role of left vcntricular
competence and function of the mitral valve is therefore
acknowledged, though globally, on the basis of argu-
ments regarding lcfi ventricular function and postoper-
ative course after valve replacement.')

This research aimed to investigate antl cletermine the
anatomic mechanisms enabling thc mitral valve to play
this dual role and to comparc the clifferent functioni of
primaw and secondary chordae.

Methods
'fhis invesrigation complied with thc Guùle for Care anrJ Lrse

of Luboratory Aninral.s publishe d bv the US National Institutes
of Health (NIH publication No. 85-23, rcvised 198-5).

T'he study used an isolatcd working heart model (Fig 1).
Mongrel pigs weighing 25 to 30 ks rvere sedatecl with droperi-
dol. An intravenous linc wirs inserted in an ear vein for Ringer's
lactate drip and intusion ol thiopental ancl pancuronium.
Breathing was controlled bv trlche;)tonry ientlotrachcal intu-
bation. tube No. 8) and mechanical vcnti lation (Monal; minute
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signif icantly lower than in the control group (P:,006). In
C, sectioning of the secondarv chordae left a competent mit
valve tosether rvi th good coaptation of the anterior and
rior leaflets shown by video monitoring. However. aortiè
was lower than in the control group (P:.007). an<I ultr
crometry evidenced impaired function (P=.009).

Conclusions This study suggests that the primary and
ondary chordae of the mitral subvalvular appararus
di l lerent functions. 1'he prinrrn chordae of the ànterior le
appeared to be more involved in mitral valve compe
whereas the secondary chordae appeared to be more int
in left  ventr icular gcometry and function. (Cl
1997;96:3121-3128.)

Key llords r mitral valve r ventricles .
contraction

venti lat ion, 8 L: t idal volume, 450 mL; 50% oxygen).
sternotomy was then performed, and the heart was ha
by the usual method, after aortic clamping and infusion of
mL of crvstalloid solution (St Thomas No. 2) into the
root. f'he excised hearts were placed into cardioplegic fluid
4'C. Three groups of 7 hearts u'ere lormed by randomi
(Fig 2).

In group A (n:7), the control group, the left  atr ium
opened. but the mitral leaflets rvere left intact. The hearts
presened in cold cardioplegic i luid to t ime 20 minutes.
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primary chordac of the anterior leal]et (chordae attached
the free edge) rvere sectioned ar-rd the secondary
(chordae attached to the vcntricular side) left intact. -Ihis

l0 to l-5 minutes. The hcarts were thcn presen'ed in
i ' r r rd iop l r 'g ie  f l r r id  to  t i rne  2{ t  n r inurcs .

In group C (n:7), after the left atrium was opened,
secondary chordire of the rntcrior leaflet were seci ioned
the primarv chordae left  intact. This took 10 to 15 minures.
hcarts rvere then prescrved in cold cardioplegic fluid to trme
mlnutcs.

The preparation phasc therefore lasted :20 minutes in
thrcc groups before assembly of the isolated heart model.
consisted of ligature of the trvo venae cavae and cannula
the pulmonarv arten for coronarv venous return to the
Hcnseleit  1luid recycl ing circuit .  

' Ihis 
model (Fig 1) was

derived l iom Neclv's isolated working heart model.1o
perfusion lluid (Krebs-Henseleit) was recycled with
t ion and tempcri l ture maintenancc at 37'C ensured
membrane oxygenator (Cobe CML). T.he arteriovenous
cnce betwcen the Po. of the Krebs-I lenseleit  f luid
the arterial l ine (350 mm Hg) and the PaOl measured in
coronary return (8-5 mm FIg) remained constant th
d!:rronstrat ing good extraction, hence good-quali ty
oxvgenation. Thc heart was lirst suspendecl by the aortic
and reperfused at constant prcssure (80 mm Hg) as in
conventional Langendorl l  model.r l  During this period,
aort ic valve remained closed ancl the heart beat empry, wit
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Fro 3. Tracings of hemodynamic parameters. Note existence of
large v wave (arrow) in B, reflecting severe mitral regurgitation.
LAP indicates left atrial pressure; LVP, left ventricular pressure;
and Sono, sonomicrometry. A, Control group; B, primary chor-
dae sectioned; C, secondary chordae sectioned.

itoring (Fig 4, bottom). Aortic f low nonetheless de-
creased to 850 ml/min versus 1100 ml/min in the
control group (P:.007), and ultrasonomicrometry evi-
denced reduced shortening fraction, LTVo,versts2lVo tn
the control group (P:.009).

Fre 4. Video transmitter inserted through apex of left
monitored ventr icular sudace of mitral valve. During
good coaptation of anterior and posterior leaflets is observed i
control group (top) and in group C with sectioned
chordae (bottom) while aortic valve is open. Conversely,
valve is shown to be total ly incompetent in group B
primary chordae). This induced decreased aortic flow, as
ited by closed aortic valve. Note thât secondary chordae (2)
much bigger and stronger than primary chordae (1). AL i
anterior leaflet;  PL, posterior leaflet;  Ao, aodic valve; 1,
chordae; and 2, secondary chordae.

Discussion
Critical Assessment of the Model

The isolated working heart model has its limitat
like any experimental model; even in the control
the hearts did not function under perfectly ph
conditions.11,15 Preload is hieher with a fluid
which must be located 15 cm above the left atriurn
enhance basal hemodynamic performance and, in
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Fro 3. Tracings of hemodynamic parameters. Note existence of
large v wave (arrow) in B, reflecting severe mitral regurgitation.
LAP indicates left atrial pressure; LVP, left ventricular pressure;
and Sono, sonomicrometry. A, Control group; B, primary chor-
dae sectioned; C, secondary chordae sectioned.

itoring (Fig 4, bottom). Aortic f low nonetheless de-
creased to 850 ml/min versus 1100 ml/min in the
control group (P:.007), and ultrasonomicrometry evi-
denced reduced shortening fraction, LTVo,versts2lVo tn
the control group (P:.009).

Fre 4. Video transmitter inserted through apex of left
monitored ventr icular sudace of mitral valve. During
good coaptation of anterior and posterior leaflets is observed i
control group (top) and in group C with sectioned
chordae (bottom) while aortic valve is open. Conversely,
valve is shown to be total ly incompetent in group B
primary chordae). This induced decreased aortic flow, as
ited by closed aortic valve. Note thât secondary chordae (2)
much bigger and stronger than primary chordae (1). AL i
anterior leaflet;  PL, posterior leaflet;  Ao, aodic valve; 1,
chordae; and 2, secondary chordae.

Discussion
Critical Assessment of the Model

The isolated working heart model has its limitat
like any experimental model; even in the control
the hearts did not function under perfectly ph
conditions.11,15 Preload is hieher with a fluid
which must be located 15 cm above the left atriurn
enhance basal hemodynamic performance and, in
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Hemodynamic Results in Groups A (Control) ' B
(Primary Chordae Sectioned), and C (Secondary
Chordae Sectioned)

Group A Group B GrouP C

Aor t i c  f l ow ,  mUmin  1100+135

Sonomicrometry, SF,
% 21+3

30 :45  850 -1  04

2 3 * 6  1 7 * 3

86+8 /16+3  90+8 /14 *3

60a8 /16 *3  30+6 /17 *3

LeTt ventricular
pressure, mm Hg

Left atrial
pressure, mm Hg

1 0 1 / 1 3

25x3 /15 *2

roup
ritral
lsle:

G.n , *  i l î l î - i -C .or rn  B  (N:  ? )  i  ( i ro r rp  C (N =  ?)

J

SF indicates shortening fract ion. Values are meanlSD'

ultrasonomicrometry) werc recorded continuously for 10 min-

utes with Lab-Vierv software for PC. Aortic and coronary flow

rates wcrc measurccl directly in the aortic and pulmonary lines

on three occasions during those 10 minutes Afïer the record-

ing phase, a vicleo transmitter was inserted through a left  atr ial

bu"ria ancl a bursa located at the apcx of the left ventricle in

succession. Direct display of thc atr ial  and ventr icular surfaces

of the mitral valve r,vas thus possible with vicieo recording'

Because the hearts were attached by the aort ic root '  modi-

f icat ions of the ventr icular geometn could be suspected, and

the hearts werc also rested on a wet pad to mimic the normal

anatomv of the heart in the thorax r'vhere it rests on the

diaphragm.

Statistical AnalYsis
Because of the small size of the three study groups. which dicl

not al low anv assumptions about the distr ibution of the studied

parameters, analysis was performed rvith exact nonparamctric

i"rtt, *ith statxact (version 2) software. ProbabilitJ' values

rvere estimatecl bi/ Montc Carlo sampling with 4000 samplings

each t ime.rr The three groups were compared by the Kruskal-

Wall is test. ancl in case of signif icant results, 2X2 comparisons

rvere performed lvith the Wilcoxon test. Wc used Bonferroni

corrcôtion of the critical probabilit-v value to take into account

the number oi 2x2 comparisons performed for each parame-

ter. Consequentlv, differcnces betrveen two groups were con-

sidered signif icant at P<.0167.

Results
The mean wcight of the 21 hearts selected was

n5+22 g. Mean coronary flow was stable at 360-'-45

ml/min ôver the 10 minutes of measurement in the

working mode. Heart rate was also stable at 75+S bpm

over these 10 minutes. There was no between-group

difference in those parameters (weight. coronary output'

and heart rate) of the values obtained in each of thc

three grouPs.
ThJresults obtained during the recording phase are

given in the Table, and specimen curves captured and

iecorcled with Lab-View for PC are shown for each of

the three groups in Fig 3. In group B, atrial and

ventricular pressures showed'dramatic mitral regurgita-

tion, anci viâeo monitoring revealed marked prolapse of

the free edge of the anterior leaflet (Fig 4. top and

mictdle). Acute mitral regurgitation accounted for the

decrease in aortic llolv rate ro 30 ml-/min' compared

with 1100 ml/min in the control group (P=.006). How-

ever, ultrasonomicrometry showed that shortening frac-

tion was maintained by the decrease in afterload pro-

ducecl by the mitral regurgitation' In group C, despite

sectioning of the secondary chordae, the mitral valve

remained competent, and good coaptation of the ante-

rior anci posterior leaflets was confirmed by video mon-
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Fro 1. lsolated working pig heart model"-1 rndicates bubble

iàp; 2, postcfrarge; 3, oxygenator Cobe CML; P, rol ler pump; 4'

precharge; and 5, venous coronary llow'

eiect ion. The left  l tr ium was then connected to the atr ial

. ' t  ornf.,  (presstrre. l5 mm Hg). and air br-rbbles were expellcd'

The heari ' rvas thus in rvorking mode, with the lcft  vcntr icle

being f i l letJ hy thc left  atr ium, fol lowed bv eject ion toward thc

aort i .  The lci t  atr iunr and the left  ventr icle rvere then individ-

ual ly cathetcrized to al lorv pressure monitoring. The pressure

traniduccr usecl was a rigid fluid-lillcd cannula connected to a

Dressure transducer (Medex, SX 620 149 CST).
One pair of ultrasonic crystals (sonomicrometry) rvas uscd tt'r

assess àgional contractile function. 
'fhe crystals u'ere inserted

via smaliscalpel incisions into the subepicardium in the mid

anterolateral iegion of the left ventricle. Crystals were oriented

parallel to thJ minor aris of the left ventricle Segment
i h o r t e n i n g  ( S S )  r v a s  c a l c u l a t e d  a s  S S = ( e n d - d i a s t o l i c
length-enà-systol ic length)/end-diastol ic length and was ex-
preised as pe;centage of ba.sel ine valucs.1z Wc computed dPidt
ôf the l.fr ventricular pressure and used its marimum ancl
minimum values as end-diastol ic and end-systol ic t imc accord-
ing to the ref'erence technique.l:

Three eoicardial electrodes fbr ECG recording were posi-
tionecl. Thisc ooeratiotts lasted -20 minutes in Langendorll
mocle, a phase rcquir ing a 10-J shock to obtain defibri l lat ion.
fol lowecl by an equil ibrat ion period unti l  a stable. regular
rhythm rvas obtainecl,  then another -20 minutes in rvorking
mode before the various recordings rvere init iated. Al l  of the
parâmeters ( left  atr ial  prcssure, left  ventr icular pressure. antl
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root plus addition of slushed ice around the epicardi-
um. Cardioplegia was maintained by perfusion of the 
coronary arteries every 20 min. The mitral valve was 
accessed through a left atriotomy while the animal 
was on cardiopulmonary bypass. After mounting of 
the chordal force transducers (Fig. 2) and placement of 
ventricular and atrial pressure catheters, the atriotomy 
was closed and the pig weaned from cardiopulmonary 
bypass. 

Chordal force measurements 
The chordae to be examined were chosen arbitrarily, 

but nevertheless in a standardized fashion. The 
strongest-appearing secondary chordae (the 'strut' 
chordae) from each of the papillary muscles were 
always chosen; these had a consistent anatomical 
structure, with one chorda originating from each pap-
illary muscle. The anatomy of the primary chordae, on 
the other hand, was more variable. Among approxi-
mately ten primary chordae in the anterior leaflet, a 
primary chorda immediately adjacent to each of the 
secondary chordae was chosen; these were the pri-
mary fixing chordae, as defined by Yacoub (12). 

Dedicated miniature c-shaped force transducers 
were mounted onto the four individual chordae, as 
shown in Figure 2. The chorda to be examined was 
subsequently severed between the fixing points to 
ensure that all chordal force was transmitted through 
the c-ring. The c-ring was made of brass, 6 mm in 
diameter and 0.8 mm thick. A miniature strain gauge 
(EA-06-031DE-350; Measurement Group, Inc., Raleigh, 
NC, USA) was mounted on bath the outer and inner 
ring surfaces and coupled in a Wheatstone half-bridge. 
A strain indicator (2021; Measurement Group, Inc.) 

CTT, LVP and ECG trac lng 
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Figure 3: Typical tracing of chordae tendineae tension 
(CTT) and left ventricular pressure (LVP). The ECG is 

also shown. CTT. AP: Primary chorda from anterior 
papillary muscle; AS: Secondary chorda from anterior 
papillary muscle; PP: Primary chorda from posterior 

papillary muscle; PS: Secondary chorda from posterior 
papillary muscle. 
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was used to operate the transducer. Further details on 
the construction and fonction of the transducer have 
been described previously (13) . The leads from the 
transducers were exteriorized through the apex of the 
heart. 

Hemodynamics 
A microtip pressure catheter (SPC-350MR; Millar, 

Houston, TX, USA) was used to record left ventricular 
and left atrial pressures. A conventional fluid-filled 
pressure catheter system was used to record aortic 
pressure, which was further monitored on-line along 
with the electrocardiogram using a Sirecust TM bedside 
monitor (401-1; Siemens, Germany) . All signais, 
including chordae tendineae tension (CTT), were 
recorded on a data recorder (XR-510; TEAC, Japan) for 
off-line analysis. 

Echocardiography 
Left ventricular volume estimates were obtained by 

epicardial using an ultrasound echo 
scanner (System Five ; Vingmed, Norway) equipped 
with a 5 MHz transesophageal probe. The probe was 
placed manually behind the intact pericardium of the 
left atrium in the open-chest animal to ensure optimal 
acoustic contact. The probe was rotated to a position 
where a long-axis, two-chamber view of the left ven-
tricle was obtained, including the outlet tract. Digital 
cineloop images along with ECGs from this scanning 
plane were downloaded onto the scanner. 

Study protocol 
Measurements of CTT and hemodynamic parame-

ters were performed under three different circum-
stances: 
l. Baseline condition; spontaneous circulation with no 
intervention. 
2. Partial aortic occlusion to induce an aortic-left ven-
tricular pressure (LVP) difference of at least 50 mmHg. 
3. During dobutamine infusion, with an increase in 
arterial pressure of at least 50%. 

The aorta was partly occluded to induce a left ven-
tricular-aortic pressure fall, while the dobutamine 
infusion rate was used to increase the LVP rise over 
time (dP /dt) . 

Data analysis 
All signals were converted to digital data through an 

analogue/ digital converter; the sampling frequency 
was 400 Hz (AT-MI0-16-E2; National Instruments, 
Austin, TX, USA). Dedicated software developed in 
LabVIEW ™ (National Instruments) was used to 
accomplish this task. Maximum systolic and minimum 
diastolic CTT was identified during steady-state con-
ditions. Due to the potential risk of drift, zero-adjust-
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Figure 6: Chordae tendineae tension for the four chordae. 
Results are shown as force signals expressed in Newton 
(N). Data are shown for three different hemodynamic 

conditions. A) Baseline with no intervention; B) partial 
aortic occlusion; C) during dobutamine infusion. 

Abbreviations as in Figure 3. 

their anterior mitral leaflet insertion, together with the 
distribution of collagen bundles that radiate from their 
sites within the anterior mitral leaflet to the annulus. 
Many surgeons transfer secondary chordae to the 
leading edge of the leaflets in order to correct mitral 
regurgitation when anterior leaflet prolapse is caused 
by rupture or elongation of the primary chordae. 
However, the roles played by the primary and second-
ary chordae in terms of mitral leaflet dynamics and left 
ventricular systolic mechanics need to be determined 
in order to elucidate whether this kind of chordal 
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transfer can be considered appropriate. If the valvular 
support of left ventricular pump performance is medi-
ated principally through the secondary chordae, then 
impaired systolic pump performance may be the con-
sequence of severing the secondary chordae. 

Results obtained in the present study showed that 
the individual secondary chorda carried more load 
than its individual primary counterpart. This finding 
supports the hypothesis that secondary chordae are 
the principal mediators of the valvular-ventricular 
interaction. However, one should be aware that there 
is an almost two-to-one ratio of the number of primary 
to secondary chordae (14). Accordingly, as the chordae 
represent force vectors connected in parallel, the sum 
of the forces distributed through the primary chordae 
may be higher than indicated by the present measure-
ments; hence, the magnitude of the total force being 
transmitted through the primary and secondary chor-
dae might not differ as much as was indicated by the 
present results. 

The ratio between secondary and primary chordal 
tension was almost three. This was in part due to the 
fact that the heaviest secondary chorda (the 'strut' 
chorda) was always chosen and then compared with 
an adjacent primary chorda. The ratio would most 
likely have been less pronounced had a more slender 
secondary chorda (that was more like the primary) 
been chosen. 

During caval occlusion, LVP and CTT were correlat-
ed in a linear fashion, showing that the magnitude of 
CTT was at least partly determined by LVP. Partial 
aortic occlusion, as well as dobutamine infusion, 
induced an increase in LVP. Partial aortic occlusion 
had no effect on the left ventricular dimension, but 
dobutamine infusion diminished the end-systolic 
dimension. Only partial occlusion increased chordal 
tension, whereas dobutamine infusion induced only 
minor (non-significant) changes compared with base-
line (Table III). The increase in chordal tension seen 
with partial aortic occlusion can be interpreted as a 
consequence of the increased LVP (Table II). An 
increased LVP will increase the load on the chordae 
through the pressure exerted on the leaflet. During 
dobutamine infusion, on the other hand, the LVP is 
also increased, but this is counteracted through 
increased contractility, which leads to diminished end-
systolic dimensions. 

Although these investigations of the force distribu-
tion of primary and secondary chordae in the beating 
heart are innovative and original, the concept of a 
functional differentiation of the chordae is known 
from the literature and provides indirect evidence to 
support our hypothesis. 

First, the secondary chordae are thicker and contain 
a core of collagen fibers, which are thicker and are 
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muscle, a posterior secondary (PS) and posterior pri-
mary (PP) (Fig. 1). Secondary chordae are thicker than 
their more slender primary counterparts (10). One par-
ticular heavy secondary chorda originates from each 
of the papillary muscles; this secondary chorda is 
referred to as the 'strut' chorda. 

While the importance of the subvalvular apparatus 
as a whole has been widely accepted, the role of the 
individual components is still not entirely clear. In par-
ticular, the impact of the individual chordae tendineae 
has been a matter of debate. lt seems likely, from 
anatomical, histological and also biomechanical points 
of view, that the primary and secondary chordae play 
different roles. Judging from the localization of inser-
tion into the leaflet (see Fig. 1), the primary chordae 
would be expected to deal with control of the leading 
edge to ensure proper leaflet coaptation, whilst the 
secondary chordae in the belly could be expected to 
serve a basic supporting role of the leaflet. Likewise, 
the support of the ventricular axial contraction is con-
sidered to be mediated mainly through the secondary 
chordae tendineae. This assumption is supported by 
the respective appearance of the two types of chordae: 
The slender primary chorda is expected to mediate 
less force than its thicker secondary chorda counter-
part. Hence, mapping the distribution of force in sec-
ondary and primary chordae might provide an insight 
into their individual assignment in valvular-ventricu-
lar interaction. This force distribution has, surprising-
ly, never been investigated in the beating heart. 

The pig mitral valve has been thoroughly investigat-
ed and compared to the human mitral valve, and has 
also been found to be the most suitable animal model 
(11). In postulating that secondary chordae are the 
principal force mediators in the valvular-ventricular 
interaction, the aim of the present in-vivo study was to 
compare tension in the secondary and primary mitral 
chordae tendineae. 

Figure 1: Schematic and photographie representation of the 
mitral valve. The left ventricle has been opened and the 

leaflet has been detached from the annulus. Primary 
chordae insert in the leading edge, and secondary chordae 

into the leaflet belly. 

Materials and methods 

Animals 
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Twenty-three mixed Yorkshire and Danish Landrace 
pigs with a typical body weight of 80 kg comprised the 
study material. The animals were bred on the authors' 
laboratory farm. Animal handling was carried out in 
accordance with the guidelines from the Danish 
Inspectorate of Animal Experimentation, and was 
approved by this institution. 

Surgical technique 
The animals were pre-medicated with midazolam 

(Dormicum™) (0.5 mg/kg, i.m.) at the animal farm 
before being transported to the laboratory on the day 
of surgery. A second intramuscular injection (0.5 
mg/kg midazolam; 10 mg/kg ketamine (Ketalar™) 
was administered to allow intravenous access. 
Additional intravenous injections of 0.5 mg/kg mida-
zolam and 10 mg/kg ketamine were administered 
before endotracheal intubation. The animals were 
maintained under anesthesia during the subsequent 
operation and study period with a continuous infu-
sion of ketamine (8 mg/kg/h), fentanyl (Haldid™; 3 
[g/kg/h) and midazolam (1 mg/kg/h). The right 
carotid artery and the jugular vein were surgically 
exposed and intravascular sheaths mounted to ease 
implantation of the fluid-filled pressure catheters. The 
heart was exposed through a median sternotomy, an 
aortic cannula was inserted approximately 2 cm from 
the aortic root, and a two-stage venous catheter was 
placed via the right atrium to accomplish drainage 
from the atrium and vena cava inferior. After aortic 
cross- clamping, the heart was stopped by administra-
tion of cold crystalline cardioplegic solution (St. 
Thomas' Hospital, solution number 1) in the aortic 

Figure 2: Right: Miniature chordal force transducers, 
which are mounted on the surgically exposed chordae 
tendineae. Units shown are cm. Left: Miniature force 

transducers implanted on the chordae. One transducer is 
implanted on a secondary chorda (foreground), and one on 

a primary chorda (background). 

Differential Tension between Secondary and Primary 
Mitral Chordae in an Acute In-Vivo Porcine Madel 
Mads Lomholt, Sten Lyager Nielsen, 50fen Berndt Hansen, Niels Trolle Andersen, J. Michael 
Hasenkam 

Department of Cardiothoracic and Vascular Surgery and Institute of Experimental Clinical Research, Skejby Sygehus, 
Aarhus University Hospital, Aarhus, Denmark 

Background and aim of the study: Chordae tendineae 
may be instrumental for valvular-ventricular interac-
tion, i.e. the reciprocal exchange of force between the 
left ventricular myocardium and the mitral appara-
tus. Chordae tendineae are divided into primary 
leading edge chordae and secondary belly chordae, 
and differences in thickness and distribution may 
reflect different fonctions of the two types. Primary 
chordae may be fondamental for leading edge con-
trol and for correct leaflet coaptation, while second-
ary chordae may act as the main mediators of 
valvular-ventricular interaction. It was postulated 
that tension in secondary chordae of the anterior 
leaflet is greater than in the primary chordae. The 
study aim was to investigate the distribution of 
chordae tendineae tension in the porcine mitral 
valve in vivo. 
Methods: During extracorporeal bypass, miniature 
chordal force transducers were implanted on four 
chordae in 23 Danish Landrace pigs. Chordae 

Since the first successful implantation of a mitral 
valve prosthesis during the early 1960s (1), replace-
ment of this valve has gained worldwide acceptance. 
During the past decade, the enhanced use of valve 
repair at the expense of replacement has been encour-
aged by numerous experimental demonstrations that 
the mitral subvalvular apparatus, that is, the chordae 
tendineae and papillary muscles, is of paramount 
importance for left ventricular pump performance (2-
4). Restoration of the continuity between the valve and 
left ventricular myocardium by transposition and 
shortening of chordae (5), use of artificial chordae (6) 
and papillary muscle reconstruction (7) has improved 
postoperative pump performance and hence has pro-

Address for correspondence: 
J. Michael Hasenkam, Department of Cardiothoracic and Vascular 
Surgery, Skejby Sygehus 
Aarhus University Hospital, Brendstrupgaardsvej 100, 8200 Aarhus 
N, Denmark 

tendineae tension was recorded online in the open-
chest condition with spontaneous circulation in 
three different hemodynamic conditions: baseline 
with no intervention; partial aortic occlusion; and 
during dobutamine infusion. 
Results: Systolic tension in secondary chordae under 
baseline conditions was significantly higher than in 
primary chordae (0.7 N versus 0.2 N, respectively). 
No significant impact on this distribution by chang-
ing the hemodynamic condition could be identified. 
Conclusion: Chordal tension is distributed towards 
the secondary chordae, with a tension more than 
three-fold that in the primary counterpart. The mag-
nitude of chordal tension seems to be determined 
primarily by ventricular pressure. This finding sup-
ports the hypothesis that secondary chordae are more 
important mediators of the valvular-ventricular 
interaction than are primary chordae. 

The Journal of Heart Valve Disease 2002;11:337-345 

moted a reduced late mortality (8). This beneficial 
effect has been assigned to preservation of the so-
called valvular-ventricular interaction (9). This inter-
action is a complex mechanism which serves a dual 
fonction: (i) It enables a long-axis contraction of the 
left ventricular myocardium by approximating the 
apex of the heart to the annular plane; and (ii) it assists 
valve closure, prevents prolapse, and may also facili-
tate mitral valve opening. 

The chordae tendineae are considered important 
supporting mediators in this complex mechanism. 
They are subdivided according to their origin and 
insertion, as they originate from either the posterior or 
anterior papillary muscles and insert on the leaflet as 
either primary chordae on the free leading edge, or as 
secondary chordae on the mitral leaflet belly. Thus, 
one pair of chordae from each of the two papillary 
muscles can be defined: The anterior secondary (AS) 
and the anterior primary (AP) from the anterior papil-
lary muscle, and likewise from the posterior papillary 

© Copyright by ICR Publishers 2002 
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2 ASPECTS CLINIQUES

entraîne fréquemment une perte partielle de contact entre le feuillet 
antérieur et le feuillet postérieur mitral permettant la régurgitation 
mitrale. Le jet de régurgitation qui en résulte est en général de direc-
tion inférolatérale dans l’oreillette gauche (Figures 16-1 et 16-2).

Le mécanisme de l’IM fonctionnelle de la CMH est intime-
ment lié à celui de l’obstruction sous- aortique. Par opposition à 
un obstacle fixe valvulaire ou sous- valvulaire aortique, l’obstruc-
tion de la CMH se singularise par son caractère dynamique et sa 
variabilité en fonction des conditions de charge et de contractilité 
myocardique. Cette obstruction peut varier de façon importante en 
fonction de la prise d’aliments ou de la consommation d’alcool, 
de la réalisation d’un effort [19, 26, 38]. De même l’emploi de 
diurétiques, de vasodilatateurs (contre- indiqués en cas d’obstruc-
tion) va augmenter l’obstruction, tandis que les inotropes négatifs 
(bêtabloquants, inhibiteurs calciques bradycardisants, disopyra-
mide) sont utilisés pour réduire le degré d’obstruction. Du fait de 
son mécanisme et de son caractère dynamique, l’obstruction de 
la CMH est son propre facteur d’aggravation : l’obstacle à l’éjec-
tion majore la pression intraventriculaire, augmente l’hypertrophie 
pariétale en particulier du segment antéroseptal basal, ce qui réduit 
la taille de la chambre de chasse et favorise l’aggravation de l’obs-
truction [31].

On distingue deux zones d’obstruction dans la CMH (Figure 16-3) :
 – l’obstruction médioventriculaire liée à l’hypertrophie parié-

tale, à l’affrontement des piliers hypertrophiés ou à l’existence 
de piliers anormaux. Cette obstruction médioventriculaire peut 
séparer le VG en deux cavités avec exclusion de la pointe (aspect 

Figure 16-1 Représentation schématique du mécanisme de l’in-
suffisance mitrale (IM) fonctionnelle au cours de la cardiomyo-
pathie hypertrophique obstructive. L’hypotrophie avec inversion 
de courbure septale dévie le flux de vidange ventriculaire gauche qui 
va entraîner la valve mitrale dans la voie d’éjection. Le phénomène de 
Venturi attire encore la valve mitrale antérieure vers la paroi septale 
(SAM). La perte de contact entre les feuillets antérieur et postérieur est 
responsable de l’IM.
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Figure 16-2 Insuffisance mitrale fonctionnelle sur SAM (Systolic Anterior Motion). a. Ventricule gauche en télédiastole. b. Aspect de SAM 
typique (flèche) avec déplacement de la valve mitrale antérieure dans la chambre de chasse. c et d. Insuffisance mitrale fonctionnelle (flèches) à direc-
tion inféro- latérale secondaire au SAM, à l’obstruction, et à la perte de contact partiel des valves mitrales antérieure et postérieure.
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Table 1
Mitral valve anatomy prior to MitraClip implantation and at follow-up.

All patients baseline MR grade≤2 at follow-up MR grade≥3 at follow-up p-Value

n= 79 n= 47 n= 24

MR grade≥ 3, (%) 100 100 100 ns
MR etiology, (%)
Functional 53 62 42 ns
Degenerative 38 30 50 ns
Mixed 9 8 8 ns
Jet origin A2–P2, (%) 70 74 71 ns
Jet direction, (%)
Central 63 72 42 0.02
Posterolateral 19 17 25 ns
Anterior 10 4 25 0.02
Anterolateral 8 6 8 ns
Coaptation length, (mm) 3 ±1 3 ±1 3 ±1 ns
Coaptation depth, (mm) 8 ±3 7 ±3 10 ±2 0.01
Flail gap, (mm) 5 ±3 5 ±2 6 ±4 ns
Flail width, (mm) 13 ±4 13 ±2 15 ±2 ns
Length PMVL, (mm) 14 ±4 14 ±4 15 ±4 ns
Length AMVL, (mm) 25 ±5 24 ±5 27 ±6 0.049
Annulus diameter 0° 35 ±5 35 ±5 35 ±4 ns
Annulus diameter 120° 34 ±6 33 ±6 33 ±4 ns

Values are in % or in mean ± SD. p-Value is between MR grade ≤2 and ≥3 at follow-up. ns: not significant; PMVL: posterior mitral valve leaflet; AMVL: anterior mitral valve leaflet.
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CONCLUSION	
  
The aortic leaflet is a compact, semicircular structure, without any

indentation. It is positioned antero-superiorly in the left ventricle.
When viewed from the ventricular aspect, the defining feature of
the aortic leaflet, and the reason for this name, is seen to be its fibrous
continuity with the left and non-coronary leaflets of the aortic valve.
Indeed, unlike the tricuspid valve which is separated by muscle from
its counterpart, the pulmonary valve, the mitral valve is immediately
adjacent to the aortic valve. The insertion of the aortic leaflet, guards
about 35 to 40% of the annular circumference and it is fibrous with
some scarce muscular intrusions. The two leaflets of the mitral
valve, although very different in shape, they share an almost equal
area. It is made largely by a smooth zone, which is devoid by tendi-
nous chords. The layered attachments of the tendinous chords repre-
sent the so called rough zone (Fig. 5) [11]. The rough zone is present
in both leaflets and is broadest in the lowest portion of each leaflet,
but tapers toward the periphery of the closure line, the commissures.
It includes the coaptation zone, where the leaflets meet with the pos-
terior leaflet, 4–6 mm deep into the ventricle.

The mural leaflet, normally called posterior, has more variability
than the anterior leaflet. It is narrow and extends two-thirds around
the left atrioventricular junction within the inlet portion of the ven-
tricle. Made mainly by three scallops, there is still debate if it repre-
sents a single unit or a whole of independent leaflets. The three
scallops are named, from the anterolateral to the posterolateral com-
missures, respectively P1, P2 and P3 (Fig. 6). The facing corresponding
portions of the anterior leaflet, for practical reasons, are called A1, A2
and A3, even if in the anterior leaflet no scallop can be identified [13].

Recent anatomical studies, however, showed that the usual pat-
tern “anterior leaflet=no cleft; posterior leaflet=two clefts” is not
the commonest one [12]. A deviant cleft in the anterior leaflet is pre-
sent in 26.3% of the cases, whereas in the posterior leaflet 2 clefts are
present only in 38.9% of the cases, no cleft at all in 2.8%, 1 cleft in
33.3%, 3 clefts in 13.9% or 4 clefts in 11.1%. In 36.9% of the cases 1 de-
viant cleft was present in mid A2, mid P2 or in both.

The mitral valvar leaflets close along a solitary zone of apposition;
the extremities of this zone do not reach the annulus. The portions
beyond the end of the zone of apposition are called commissures;
they are commonly known as antero-lateral and postero-medial com-
missures, based on a description of isolated organ in its own. The
antero-lateral commissure position is superior, posterior, lateral,
while the postero-medial is inferior, anterior, septal, if considering
heart in the body [12,14].

The aortic leaflet is a monolithic structure, which participates pas-
sively in the mechanism of closure of the valve. In fact its insertion in-
cludes all the fibrous tissue of the mitral annulus, which then does not
participate to the change of the mitral area during the cardiac cycle
[15]. On the contrary the posterior leaflet is the key structure in the
closure of the valve. Its structure is similar to a skirt with pleats.
When the posterior annulus contracts, first the scallops coapt togeth-
er, then the leaflet, moving towards the anterior one, coordinates the

valve closure process. This mechanism determines the complete clo-
sure (coaptation) and correct apposition (symmetrical overlap) of
both leaflets that are essential in preventing regurgitation.

1.3. The subvalvular apparatus

Since Leonardo da Vinci (1513), researchers have understood that
the competence of the valve cannot be afforded by leaflets without
the support of subvalvular apparatus. In the normal valve, groups of
cords sprout from both papillary muscles, forking, and support the
leading edges of both leaflets. The tendinous cords of the mitral
valve are attached to two groups of papillary muscles or directly to
the posterior muscular wall for the tensor apparatus of the valve
[16]. There are different classifications of mitral tendinous cords as
summarized by Muresian [1]. In 1970, Lam and coworkers [17] classi-
fied them on the basis of their insertions on the leaflets. The tendi-
nous cords referred to as first order, or primary, if they insert on the
free edge of mitral leaflets (Fig. 7). Among them, commissural cords
can be identified for their fan-like arrangement. The cords found in
the posterior leaflet between adjacent segments of the leaflets (scal-
lops) are called cleft cords. All the cords which do not insert on the
free edge are called second order cords (Fig. 7) and ensure that the
coapting surfaces meet during systolic closure. Those which insert
on the anterior leaflet, if thickened, are called strut cords. Generally
these arise from the tip of each papillary muscle and are thought to
be the strongest. Finally, some cords take origin from the parietal ven-
tricular wall and are joined to the ventricular face of the mural leaflet,
the so-called basal cords. In the past, the basal cords have been con-
sidered to represent cords of a third order, but today they are consid-
ered as belonging to the second order since they insert into the
ventricular aspects of the leaflets.

The papillary muscles function as shock absorbers that compen-
sate for the geometric changes of the left ventricular wall. This

Fig. 5. The rough zone (RZ) is the border area where tendinous cords attach. The larger
remaining portion of the leaflet is called smooth zone (SZ).

Fig. 6. (A) The mural leaflets is made mainly by three scallops, named, from the ante-
rolateral to posteromedial P1, P2 and P3. (B) The three posterior scallops, the anterolat-
eral (ALc) and posteromedial (PMc) commissures.
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anterior mitral leaflet and chordae supported by the
anterior papillary muscle (called “M1”) were identified as
A1, the commissure as C1, and the anterolateral scallop
of the posterior leaflet as P1.

The other half of the anterior leaflet, commissure, and
posteromedial scallop supported by the posterior papil-
lary muscle (called “M2”) were identified as A2, C2, and
P2. Because it is supported by chordae from both papil-
lary muscles (M1 and M2), the posterior middle scallop
(PM), was divided into PM1 and PM2. The two trigones
were identified as T1 for the left and T2 for the right.

Similar with previously published classifications, the
mitral chordae were divided into marginal (first order)
when inserted into the leaflet’s free edge and basal
(second order) when inserted into the ventricular aspect
of the body of the leaflets [6–8]. All chordae were
identified by their insertion into the anterior leaflet (A1
and A2) and posterior mitral leaflet (P1, PM1, PM2, and
P2). The two constant and thick anterior (AS) and poste-
rior (PS) strut chordae were identified as AS1 and AS2 for
the anterior and PS1 and PS2 for the posterior. The other

basal chordae located lateral to the AS and PS were
termed AB1 and AB2 for the anterior, and PMB1 and
PMB2 for the middle scallop of the posterior leaflet (Fig 2
and Fig 3). For the purpose of this study, pure (or
marginal) basal chordae were defined as those with no
other type of chordae arising from them; they were
labeled “mixed” when the chordae had both basal and
marginal branches.

Measurements
Before examination of each heart, the aorta and pulmo-
nary artery were resected 1 cm above the valve commis-
sure, and each heart was weighed. To verify the absence
of mitral regurgitation, each valve was inspected through
the left atrium while saline was pressure-injected
through the aorta. The aortic and mitral valve annulus
diameters were measured with Hegar probes. The heart
was then sectioned vertically through the right coronary
sinus of Valsalva, interventricular septum, and right
ventricular free wall to allow a ventricular view of the

Fig 1. Terminology superimposed on an atrial view of the mitral valve.
(T1 ! left trigone; T2 ! right trigone; C1 ! anterolateral commissure;
C2 ! posteromedial commissure; A1 and A2 ! anterior leaflet; P1 and
P2 ! posterior leaflet lateral scallops; PM1 and PM2 ! anterolateral
and posteromedial segments of the posterior leaflet mid-scallop; M1 !
anterolateral papillary muscle; M2 ! posteromedial papillary muscle.)

Fig 2. A diagram and photograph of the ventricular
aspect of the anterior mitral leaflet show the anterior
basal chordae. (Tl ! left trigone; T2 ! right trigone;
AB1 ! anterolateral basal chorda; AB2 ! posteromedial
basal chorda; AMC ! aortomitral curtain; AS1 ! an-
terolateral strut chorda; AS2 ! posteromedial strut chor-
da; M1 ! anterolateral papillary muscle; M2 ! pos-
teromedial papillary muscle; Rz ! rough zone; Sz !
smooth zone.)

Fig 3. A ventricular view of the posterior mitral leaflet outlines the
posterior strut chordae. (PS1 ! posterior strut chorda arising from
anterolateral papillary muscle; PS2 ! posterior strut chorda arising
from posteromedial papillary muscle.)
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