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Mitral leaflet shape is a fundamental determinant of
leaflet function. Mathematical models of the mitral
valve relate curvature of the leaflet to leaflet stress by
Laplace’s law (1-6). In disease, alterations in leaflet
shape (and, subsequently, leaflet stress) induced by left
ventricular remodeling lead to compensatory leaflet
thickening that may hinder normal valve closure or
even compromise the potential for repair (7,8).
Echocardiographic (9) and cinefluoroscopic (10,11)
studies have noted the direction of curvatures in the

closed valve, but no leaflet radii of curvature (ROC)
quantitative data exist. Further, the effects of ventricu-
lar remodeling on leaflet curvature are unknown.

Chronic ischemic mitral regurgitation (CIMR) causes
global ventricular dilation and distortions of the annu-
lus and papillary muscles (12-14). Given the complex
interdependence of the mitral apparatus, these
changes in annular and subvalvular geometry may
alter leaflet shape (15). In the present study, mitral
leaflet shape was quantified, and it was hypothesized
that remodeling associated with CIMR would increase
leaflet ROC.

Materials and methods

Surgical preparation
Forty-three Dorsett hybrid sheep (mean ± SD body

weight 71 ± 5 kg) were premedicated with ketamine
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Background and aim of the study: Leaflet curvature is
a primary determinant of leaflet stress, but no quan-
titative in-vivo leaflet curvature data exist. Chronic
ischemic mitral regurgitation (CIMR) is associated
with remodeling of the valvular-ventricular complex.
It was hypothesized that leaflet radii of curvature
(ROC) would change with such remodeling.
Methods: Twelve sheep had placement of radiopaque
markers on the anterior (APM) and posterior (PPM)
papillary muscles, mitral annulus, and anterior (AL)
and posterior leaflet (PL) midlines. After 8 ± 2 days,
videofluoroscopy provided baseline 3-D marker data
prior to creating inferior myocardial infarction (MI)
by snare occlusion of the obtuse marginal coronary
arteries. After 7 ± 1 weeks, the animals were re-stud-
ied; 3-D marker coordinates were used to determine
end-systolic leaflet ROC, leaflet length, annular sep-
tal-lateral diameter, and the distance of each papil-
lary muscle to the mid-septal annulus and each
commissure.
Results: Before and after CIMR, the AL had com-
pound curvature, and CIMR increased ROC of both

curves (proximal ROC 1.27 ± 0.59 to 1.38 ± 0.60 cm (p
<0.05); distal ROC 1.41 ± 0.61 to 2.60 ± 1.52 cm (p <
0.05)). The PL ROC also increased with CIMR (from
2.01 ± 1.40 to 3.46 ± 3.93) (p <0.05). Multiple regres-
sion analysis determined that annular septal-lateral
diameter (proximal AL and distal AL), distance from
the APM to anterior commissure (distal AL), and
PPM to mid-septal annulus (PL) were independent
predictors of leaflet ROC.
Conclusion: CIMR increased ROC of both the AL and
PL. Leaflet extension may be a compensatory mecha-
nism to minimize the regurgitant orifice, but the
attendant increase in ROC will tend to augment
leaflet stress. Annular and subvalvular geometry
both affect leaflet curvature, and should be consid-
ered during mitral repair. These novel quantitative
in-vivo data are now available for modification of
finite element models, and for comparison to finite
element model output.
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(25 mg/kg, intramuscular), and anesthesia was
induced with sodium thiopental (6.8 mg/kg, i.v.) and
maintained with inhalational isoflurane (1-2.5%).
Through a left thoracotomy, eight tantalum myocardial
markers (#2-9) were inserted in the left ventricular epi-
cardial layer along four equally spaced longitudinal
meridians, with one marker at the left ventricular apex
(#1; Fig. 1). Prolene 2-0 sutures were passed loosely
around the one, two (or occasionally three) obtuse
marginal branches of the left circumflex coronary
artery located between the posterior vein of the left
ventricle and the middle cardiac vein, and loosely
snared using the method of Llaneras et al. (16). After
commencing cardiopulmonary bypass, tantalum
markers were placed at the tips of both the anterior
and posterior papillary muscles (APM #12 and PPM
#13), and eight markers were sutured around the cir-
cumference of the mitral annulus (MA) (one near each
commissure (#16, #20), and three along the septal (#15,
21, 22) and lateral (#17, 18, 19) annulus (Fig. 1).
Miniature gold markers were sutured along the mid-
lines of the anterior (#23, 24, 25) and posterior (#26, 27)
leaflets. A micromanometer pressure transducer
(PA4.5-X6; Konigsberg Instruments, Inc., Pasadena,
CA, USA) was placed in the left ventricular chamber

through the apex. Postoperatively, 11 animals died
from respiratory complications.

Experimental protocol
After 8 ± 2 days, each animal was taken to the car-

diac catheterization laboratory, sedated with ketamine
(1-4 mg/kg/h, i.v. infusion) and diazepam (5 mg, i.v.),
intubated, mechanically ventilated, and maintained
with inhalational isoflurane (1-2.5%). Transesophageal
echocardiography (TEE) and coronary angiography
were performed, and baseline videofluoroscopic mark-
er and hemodynamic data acquired. After premedica-
tion with lidocaine (100 mg, i.v.), bretylium (75 mg,
i.v.), and magnesium (3 g, i.v.), the coronary artery
snares were tightened, and complete occlusion of the
selected vessels was verified by angiography. An epi-
nephrine (adrenaline) drip was titrated to maintain the
coronary perfusion pressure ([aortic diastolic pressure
- LV diastolic pressure]) at >60 mmHg. Ventricular
arrhythmias were treated with lidocaine (50-100 mg,
i.v.) and amiodarone (50-150 mg, i.v.), as needed.
Twelve animals died during the infarction procedure
due to refractory ventricular fibrillation. The remain-
ing animals were followed for clinical signs of heart
failure (tachypnea, lethargy, anorexia), and serial
transthoracic echocardiography was performed to
detect left ventricular dilatation and mitral regurgita-
tion (MR).

After a mean of 7 ± 1 weeks, the animals were
returned to the cardiac catheterization laboratory for
recording of hemodynamic, TEE, and marker data.
Mitral regurgitation was graded by an experienced
echocardiographer (D.L.), based on regurgitant jet
extent and width, as none (0), trace (+0.5), mild (+1),
moderate (+2), moderate-severe (+3), or severe (+4). Of
the 20 remaining animals, eight developed only trace
to mild MR. Twelve animals developed moderate or
more MR, and these comprised the group studied in
the present report.

All animals received humane care in compliance
with the Principles of Laboratory Animal Care formulated
by the National Society for Medical Research and the
Guide for Care and Use of Laboratory Animals prepared
by the National Academy of Sciences and published by
the National Institutes of Health (DHEW NIHG publi-
cation 85-23, revised 1985). This study was approved
by the Stanford University Medical School Laboratory
Research Animal Review committee and conducted
according to Stanford University policy.

Data acquisition
Images were acquired with each animal in the right

lateral position using a biplane videofluoroscopy sys-
tem (Philips Medical Systems, North America
Company, Pleasanton, CA, USA). Data from two radi-
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Figure 1: Schematic of marker array used in this study.
Markers were placed on the left ventricle, papillary muscle

tips, leaflets, and annulus. APM: Anterior papillary
muscle; PPM: Posterior papillary muscle.



ographic views were digitized and merged to yield 3-
D coordinates for each of the radiopaque markers
every 16.7 ms using custom-designed software.
Ascending aortic pressure, left ventricular pressure
(LVP), and ECG voltage signals were digitized and
recorded simultaneously during marker data acquisi-
tion.

Data analysis
Hemodynamics and cardiac cycle timing

Three consecutive steady-state beats before myocar-
dial infarction were averaged and defined as ‘Baseline’
data for each animal. Similarly, at the follow up study,
three beats were averaged and termed ‘CIMR’ data.
During each cardiac cycle, end-systole (ES) was
defined as the time of the videofluoroscopic frame con-
taining the point of peak negative rate of LVP fall (-
dP/dt), and end-diastole (ED) as the videofluoroscopic
frame prior to the upstroke of the LVP curve.
Instantaneous left ventricular volume was calculated
from the positions of the epicardial left ventricular
markers and annular markers using a space-filling
multiple tetrahedral volume method for each frame
(i.e. every 16.7 ms).

Mitral annular geometry
The end-systolic septal-lateral (S-L) diameter of the

annulus was calculated as the distance in 3-D space
between the two markers placed in the middle of the
septal and lateral mitral annulus, respectively (#22 and
18; Fig. 1). The commissure-commissure (C-C) diame-
ter was calculated as the distance between the two
annular commissural markers (#16 and 20; Fig. 1).

Papillary muscle geometry
To characterize subvalvular geometry, the end-sys-

tolic distance in 3-D space from each papillary muscle
tip (#12, #13; Fig. 1) to the mid-septal annulus (#22),
was calculated. Similarly, the end-systolic distances
from the anterior papillary muscle tip to the anterior
commissure (#12-#16) and from the posterior papillary
muscle tip to the posterior commissure (#13-#20) were
computed.

Leaflet radii of curvature
Mitral leaflet ROC at end-systole were measured

along the midline of each leaflet using the marker coor-
dinates along the lateral and apical axes. The 3-D coor-
dinates of the markers were projected onto a plane
containing the mid-septal annular marker (#22), the
mid-lateral annular marker (#18) and the left ventricu-
lar apex (#1). The chord joining the mid-septal and
mid-lateral annular markers defined the septal-lateral
axis, with the apical-basal axis directed perpendicular
to the annular plane. The central meridian of the ante-

rior leaflet had a sigmoid shape, convex to the left ven-
tricle proximally (near the annulus) and concave to the
left ventricle distally (near the leaflet edge) (Fig. 2). The
central meridian of the posterior leaflet was concave to
the left ventricle (Fig. 2). Three markers were used to
define the ROC of each of these curves. Each marker
triad defined a unique circumscribed circle, the radius
of which was the ROC. For example, the ROC of the
proximal anterior leaflet was computed from the later-
al and apical coordinates of markers #22, 23, and 24.

Effective leaflet length
Effective leaflet length was calculated as the 3-D dis-

tance from the annular marker at the base of each
leaflet to the leaflet edge (#22 to 25 for the AML; #18 to
26 for the PML). In Figure 2, the effective leaflet length
would be the distance from the base of each leaflet, at
the top of the figure, to the edge of each leaflet, at the
bottom of the figure.

Statistical analysis
All data were reported as mean ± SD. Comparisons
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Figure 2: Two-dimensional plot of group mean end-systolic
leaflet marker position projected onto the lateral-apical

plane showing mid-line section of leaflet shape at Baseline
(solid lines and squares) and after CIMR (dotted lines and

triangles). The saddlehorn, or mid-septal annulus, is
shown for reference. Arcs schematically represent portions

of circumscribed circles used to calculate leaflet radii of
curvature for Baseline (above in italics) and CIMR (below

in bold). The anterior mitral leaflet shows a compound
curvature. CIMR is associated with increased radii of

curvature for both the anterior and posterior leaflets. The
leaflets do not appear to be in contact, even in the normal
competent valve, as the markers are not placed on the very
edges of the leaflets. AML: Anterior mitral leaflet; PML:

Posterior mitral leaflet. *p <0.05 versus Baseline.



between Baseline and CIMR conditions were made
with Student’s t-test for paired observations.
Hemodynamic and geometric data from the baseline
and chronic studies were entered into a stepwise mul-
tivariable regression model to identify significant pre-
dictors of mitral leaflet ROC (SPSS, v.10.1).

Results

Group mean hemodynamic data at baseline and
after CIMR are summarized in Table I. Maximum left
ventricular dP/dt and maximum LVP decreased with
CIMR, while MR, left ventricular end-diastolic pres-
sure and left ventricular end-diastolic volume all
increased.

Mitral annular dimensions and papillary muscle
positions at end-systole are summarized in Table II.
With CIMR, the annulus dilated in both the S-L and C-
C dimensions. The distances from each papillary mus-
cle tip to the saddle horn also increased. The distance
between the anterior papillary muscle tip and the ante-
rior commissure increased, but the distance from the
posterior papillary muscle tip to the posterior commis-
sure did not change.

Group mean data on leaflet ROC and length at
Baseline and with CIMR are summarized in Table III.
The proximal and distal anterior leaflet ROC both

increased, coincident with an increase in the effective
length of the leaflet from base to edge. Similarly, the
posterior mitral leaflet ROC increased, associated with
an increase in the effective length of the posterior
leaflet. These results are illustrated graphically in
Figure 2.

In the stepwise multivariable regression analysis, S-
L dimension was the only independent predictor of the
proximal AML curve (β = 0.63). S-L annular diameter
and the distance from the anterior papillary muscle tip
to the anterior commissure were roughly equally
strong predictors of the ROC of the distal AML curve
(β = 0.48 and 0.45, respectively), and the distance from
the posterior papillary muscle tip to the saddle horn
was the best predictor of the PML ROC (β = 0.37).

Discussion

Curvature is a fundamental component of the shape
- and thereby stress - on the mitral leaflet, and is there-
fore an important element of normal valve function.
The new in-vivo data reported herein support four
conclusions: (i) At end-systole, the anterior leaflet has
a sigmoid shape; (ii) the ROC of the curves of both the
anterior and posterior leaflets increase with CIMR; (iii)
changes in ROC that occur in CIMR are predicted by
annular and subvalvular geometry; and (iv) CIMR is
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Table I: Hemodynamic data.

Parameter Baseline CIMR

MR (grade 0-4+) 0.6 ± 0.5 2.5 ± 0.7*

LV dP/dtmax (mmHg/s) 1,837 ± 683 1163 ± 482*

LVPmax (mmHg) 96 ± 14 75 ± 20*

EDV (ml) 107 ± 20 145 ± 20*

LVEDP (mmHg) 17 ± 3 21 ± 4*

*p < 0.05 versus Baseline.
CIMR: Chronic ischemic mitral regurgitation; dP/dtmax: Maximum of first derivative of pressure versus time; EDV: End-
diastolic volume; LVEDP: Left ventricular pressure at end-diastole; LVPmax: Maximum left ventricular pressure; MR: Mitral
regurgitation.

Table II: Annular and subvalvular geometry.

Parameter Baseline CIMR

S-L annular diameter (cm) 2.83 ± 0.28 3.23 ± 0.41*

C-C annular diameter (cm) 3.53 ± 0.29 4.06 ± 0.36*

APM to saddle horn (cm) 4.51 ± 0.49 4.71 ± 0.49*

PPM to saddle horn (cm) 5.13 ± 0.97 5.62 ± 0.97*

ACOM to APM (cm) 3.49 ± 0.53 3.56 ± 0.51*

PCOM to PPM (cm) 3.94 ± 1.00 3.92 ± 1.23

*p <0.05 versus Baseline.
ACOM: Anterior commissure; APM: Anterior papillary muscle; C-C: Commissure-commissure; PCOM: Posterior commissure;
PPM: Posterior papillary muscle; S-L: Septal-lateral.



associated with increases in the effective length of the
leaflets.

Leaflet geometry
Existing finite element and other mathematical mod-

els of the mitral valve during systole consider both
leaflets as passive membranes with an elliptical shape
(1-3,6). When observing through the left atrium in an
arrested heart, cardiac surgeons realize that the leaflets
of a competent, normal mitral valve bulge toward the
atrium when the left ventricle is filled with fluid.
Similar shapes have been derived from casts of excised
hearts (4). Myocardial marker technology allows the
spatial and temporal resolution to delineate precisely
the in-vivo leaflet shape and to quantify curvature in
the beating heart, as well as the ability to track specific
loci on the leaflets in four dimensions to assess changes
due to CIMR. It was found that the anterior leaflet in
vivo adopts a compound shape at end systole, as illus-
trated in Figure 2 and previously described by
Karlsson et al. (11), with a proximal curve convex to
the left ventricle and a distal curve concave to the left
ventricle. The proximal bend, which is maintained
convex to the ventricle even under systolic pressures,
is likely maintained by the interplay of forces between
the annulus, leaflet, and second-order chordae which
insert close to the annulus (9,11). Previous reports of
mitral valve geometry have described a direction of
leaflet curvature at valve closure (9-11,17), but the
present analysis further defines leaflet shape by quan-
tifying the radius of the curve.

The posterior leaflet, in contrast to the anterior,
exhibits a single, flatter curve, concave to the left ven-
tricle at end-systole (Fig. 2). This finding again sup-
ports the cinefluoroscopy studies of Karlsson et al. (11),
as well as those by Sovak et al. (18) and Levine et al.
(17), using 3-D echo, who reported a convex curvature
to the posterior leaflet when the valve was closed.

Changes in geometry with CIMR
Inferior myocardial infarction and CIMR caused, in

the present study and in others (12,14), not only global
ventricular dilation but also changes in annular and
papillary muscle geometry. In particular, the distances
from the papillary muscle tips to the mid-septal annu-
lus, or saddle horn (sometimes called the papillary
muscle tethering distance (12)), were increased. Also,
the relationship between the anterior papillary muscle
tip and the anterior commissure changed - something
which previously was associated with loss of valve
competence in acute ischemic MR (19). In finite ele-
ment models, such changes in valve geometry signifi-
cantly increase leaflet stress (5,20).

With CIMR, the radii of both curves of the anterior
leaflet and the curve of the posterior leaflet were
increased. It follows from the law of Laplace that the
increases in curvature observed here will tend to
accentuate leaflet stress in these thin membranes. The
observed ‘flattening’ of the curves is consistent with
increased effective length of the leaflets between the
annulus and the leaflet leading edges. This ‘unfurling’
of redundant leaflet tissue has been described in ex-
vivo anatomical (21) and in-vivo functional (15) stud-
ies of the mitral apparatus. Lai et al., in the present
authors’ laboratory, reported that during acute circum-
flex ischemia, this leaflet lengthening may be a com-
pensatory mechanism for the valve to limit the size of
the effective regurgitant orifice (15). The findings of the
present study indicate, however, that such compensa-
tion comes at a price, which is increased leaflet ROC
that would actually be expected to increase leaflet
stress. In addition to unfurling, effective leaflet length
could also be partly achieved through stretching of the
leaflet tissue. Consistent with the present findings and
the finite element models showing increased leaflet
stress after annular and papillary muscle remodeling,
Quick et al. demonstrated up-regulation of collagen
synthesis in response to increased stress in the anterior
leaflets of sheep with CIMR (8). While increased leaflet
thickness may normalize stress, computer models
indicate that it may also decrease leaflet mobility, even-
tually exacerbating malcoaptation, increasing MR, and
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Table III: Leaflet radii of curvature (ROC) and effective length.

Parameter Baseline CIMR

AML proximal ROC (cm) 1.27 ± 0.59 1.38 ± 0.60*

AML distal ROC (cm) 1.41 ± 0.61 2.60 ± 1.52*

PML ROC (cm) 2.01 ± 1.40 3.46 ± 3.93*

AML length (cm) 2.06 ± 0.54 2.20 ± 0.46*

PML length (cm) 1.16 ± 0.23 1.24 ± 0.27*

*p <0.05 versus Baseline.
AML: Anterior mitral leaflet; PML: Posterior mitral leaflet; ROC: Radii of curvature.



producing further ventricular remodeling in a self-
serving viscous cycle (7,8).

Clinical implications
The greater leaflet ROC associated with CIMR favor

increased leaflet stress, and may play a role in a feed-
back loop between mitral leaflet tissue and left ven-
tricular remodeling. This may help to explain the old
adage, ‘MR begets MR’, and should spur clinicians to
recommend mitral repair earlier in the natural history
of CIMR before excessive leaflet tissue degeneration
and/or thickening or valvular-ventricular remodeling
occur. Further, as changes in both annular and papil-
lary muscle geometry determine leaflet ROC, sub-
valvular adjuncts to ring annuloplasty such as
papillary muscle relocation (22), should be explored in
order to normalize leaflet stress after mitral repair. In
the future, computer models, taking into account
experimentally measured in-vivo annular, papillary
muscle and leaflet 3-D geometry will hopefully prove
valuable in the design of custom-tailored mitral repair
procedures and techniques which will minimize leaflet
stresses.

Study limitations
The present study was performed in an ovine model

of CIMR, and several limitations must be noted. First,
leaflet curvature was studied only at the midline
region and only during end-systole. Using a marker
array with more midline leaflet markers, Karlsson et
al. (11) noted that the same leaflet shapes (compound
shape for the anterior leaflet and convex to the left ven-
tricle for the posterior leaflet) were maintained
throughout the latter half of systole. Leaflet shape,
qualitatively described in diastole by Karlsson et al.,
features more variability and flatter leaflet shapes (11)
(with the leaflet ROC rapidly approaching infinity),
making quantitative description of leaflet curvature
during diastole difficult to interpret. The determina-
tion of leaflet shape at more sites, or in different direc-
tions, would require many more markers than the
array used in the present study. The law of Laplace
applies strictly only to cylinders and spheres; thus,
stress alterations due to changes in leaflet shape are
approximations at best. The myocardial marker
method provides submillimeter spatial resolution
every 16.7 ms, but requires markers to be sutured to
intracardiac structures; hence it is possible - though
unlikely, due to their small size - that the markers
interfered with leaflet geometry and motion.

In conclusion, the end-systolic 3-D shape of the mitral
leaflets before and after development of CIMR was
analyzed in an ovine model. With the valve closed, the
anterior leaflet has a compound shape, while the pos-

terior leaflet has a single curve convex to the left ven-
tricle. CIMR increases the ROC of both the anterior and
posterior leaflets, which in turn would be expected to
increase leaflet stress. Both annular and subvalvular
geometry influence leaflet curvature, and septal-later-
al annular diameter and posterior papillary muscle
tethering distance should be considered as potential
targets during mitral repair for CIMR to reduce leaflet
stress. These novel quantitative in-vivo data are now
available for modification of finite element models,
and for comparison to finite element model output.
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Meeting discussion

DR. KARYN KUNZELMAN (Madison, WI, USA): I
have a comment and a question. The comment is that
our data on finite element models for papillary muscle
displacement tend to agree in general in terms of
leaflet flattening. My question is related to those ani-
mals that did not have progression of MR. The sheep is
a very difficult model. We had several with initial MR
at the time of operation that did not progress, and our
first thought was that the model did not work. But
there turned out to be significant changes in the leaflet
collagen, procollagen, heat shock, so that on analysis it
appeared that the leaflets were tending to heal. Have
you studied - or will you study - also those animals
that did not progress to MR, to see if there are any
changes in parameters that would lead towards a
decrease in MR?
DR. FREDERICK A. TIBAYAN (Stanford, CA, USA):
That analysis has been done, but the data were not pre-
sented here due to time constraints. In the animals that
survived for seven weeks but did not develop signifi-
cant MR, there was a tendency towards increased
leaflet radii of curvature, but the change was not sta-
tistically significant. This may have been due to a lack
of power in the study, as the numbers were low and
there was obvious biological variability. But I don’t
doubt that some biochemical changes may be occur-
ring in those leaflets.
DR. IVAN VESELY (Cleveland, OH, USA): Did you
put your markers on the ventricular or on the atrial
surface of the leaflets?
DR. TIBAYAN: They were placed on the atrial surface.
DR. VESELY: So you’re quite confident that that
inverse curvature from base to the central portion is
real, and not caused by any surface irregularities?
DR. TIBAYAN: Well, that’s possible, but the size of the
markers is probably not big enough, if you consider
the overall contours, to really change the shape of the
leaflet. I think there may be small changes, but proba-
bly not too great. 


