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Although mitral leaflet malcoaptation is the end-
point through which mitral regurgitation occurs (1),
several topological changes within the left ventricle
have been associated with mitral valve malfunction
(2). Ventricular dilation (3-6) and sphericity (7-9), pap-
illary muscle (PM) contractile malfunction (10), and
motion abnormalities of the left ventricle have been
associated with leaflet malcoaptation and therefore
mitral regurgitation.

Alterations in the geometry or motion of the left ven-
tricle result in repositioning of the PMs within the

mitral apparatus. Recent studies both in animal mod-
els (6,10) and human subjects (11) have quantified dis-
placement of the PMs in pathologies such as ischemic
mitral regurgitation and dilated cardiomyopathy. The
results have shown that even subtle alterations in the
position of the PMs during the cardiac cycle may lead
to leaflet malcoaptation. Surgeons and clinicians have
proposed several procedures to correct mitral regurgi-
tation due to PM displacement. One solution is to
reshape the ventricle (12,13), but this requires exten-
sive surgical manipulation. Another proposed proce-
dure is based on cutting a limited number of chords
which have severely altered tension configurations in
order to restore some degree of valve function (14). In
addition, after chordal failure, valve repair may be
accomplished through chordal replacement using
sutures or chordal translocation. As the effects of PM
repositioning are transmitted to the leaflets through
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Background and aim of the study: Mitral insufficien-
cy, a common and morbid pathology, has been relat-
ed to topological changes in the left ventricle. These
changes may affect mitral leaflet coaptation by dis-
placing the tips of the papillary muscles (PMs), sub-
sequently changing the tension distribution on the
chordae tendineae. Therefore, further understanding
of the effects of PM displacement on chordal force
distribution is required.
Methods: Six human and five porcine mitral valves
were studied in a physiological left heart simulator.
Cardiac output and transmitral pressure were record-
ed online and maintained within physiological
ranges. Force transducers were placed on six chordae
tendineae to measure chordal force distribution.
Tension on individual chordae tendineae was record-
ed online during the cardiac cycle. The experiment
was conducted for eight different PM positions,
which were constructed from 5-mm vectorial dis-
placements from the normal PM position.
Results: The anterior strut chord showed significant
(p <0.05) variations in peak systolic tension (PST) for

those positions associated with apical motion of the
PMs. The posterior intermediate chord also showed
significant variations in PST for positions associated
with apical displacement of the PMs, whereas poste-
rior displacement of the PMs resulted in a reduction
in tension. In contrast, both the anterior marginal
and posterior marginal chords showed a relatively
uniform PST for the eight different PM positions.
The posterior basal and commissural chords were the
most sensitive to tension variations due to PM dis-
placement. These chords showed relatively large and
significant (p <0.05) variations in PST for most of the
different PM displacements.
Conclusion: The effects of PM relocation on chordal
tension depended on chordal type. Chords which
insert closer to the annulus were more sensitive to
PM displacement, whereas those further from the
annulus, the marginal chords, were the least sensi-
tive to PM displacement.
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the chordae tendineae, in order to restore valve func-
tion in pathological conditions which result in PM dis-
placement, it is necessary to understand the interaction
between PM position and chordal force distribution.

The study aim was to characterize the force on six
representative mitral chordae tendineae under con-
trolled variations in PM position in order to better
understand mitral valve insufficiency in pathologies
which induce PM relocation or discoordination. The
intent was to provide a fundamental understanding of
mitral valve function under physiological and patho-
logical conditions, and to aid surgeons in the design of
mitral repair procedures.

Materials and methods

Mitral valves
Fresh mitral valves (five porcine from a local abat-

toir, two human from Emory University, and four
human provided by Corazon Technologies Inc., CA,
USA) were used in the study. The hearts from Emory
University were obtained from heart transplant recipi-
ents with Institutional Review Board approval follow-
ing the guidelines for the protection of study
volunteers in research. Valves with normal anatomical
features and similar orifice areas (6.8 ± 0.3 cm2) were
used. The valves were extracted from the hearts, pre-
serving the complete mitral apparatus, and preserved
in saline solution (0.9%) during preparation and
instrumentation. Using a flat annulus board, the mitral
valves were mounted in the Georgia Tech left heart
simulator using previously published methodologies
(15-17). During suturing, special attention was placed
on preserving the annular perimeter to avoid dilation
or contraction.

In-vitro flow loop
The in-vitro experiments were carried out in the

modified Georgia Tech left heart simulator. This sys-
tem is capable of physiological and pathophysiological
flow and pressure waveforms, and has been described
in detail elsewhere (15-17).

Strain gauge transducers and force rods
C-ring force transducers were used to measure the

tension on individual chordae tendineae. The sensitiv-
ity of these transducers (ca. 0.5 N/V) and linearity (0-5
N) were tested prior to and after each experiment.
Details of C-ring construction and function have been
published previously (16,18).

The left heart simulator uses force rods which attach
to the PMs, enabling the system to measure the total
force applied on each PM. The rods were used to
define the normal PM position, ensuring a comparable
force on both PMs. The construction and function of

these rods has been described previously (18).
Six C-rings were individually sutured onto the fol-

lowing chords: anterior strut chord; anterior marginal
chord; posterior intermediate chord; stem of the poste-
rior marginal chord; basal posterior chord; and com-
missural chord (Fig. 1). The selected commissural
chord was inserted near the annulus of the valve, but
not to the tip of the leaflet. It was not possible to attach
all C-rings onto chords extending from a single PM
due to spatial constraints that might cause C-ring
entanglement.

Experimental protocol
The atrial board containing the sutured mitral valve

was positioned in the left heart simulator, and the C-
ring cables were connected to the in-house C-ring
signal conditioner. The PMs were attached to the force
rods, and the left heart simulator was then filled with
0.9% saline solution. All signals from transducers and
C-rings were zeroed and connected to a laptop com-
puter through an in-house interface box. An in-house
data collection program based on LabVIEW 5.0 was
used to store the flow, pressure, and chordal force
curves. This software stored data representing 10 car-
diac cycles for each variable; these measurements were
then averaged offline.

After preparing the system, the valve was placed in
the normal PM position (1), which was defined by:
Basal-apical location: The PM rods were moved
towards the annulus to a point where slack was
observed in all chordae tendineae. The PM force rods
were zeroed at this location. Each force rod was pulled
backwards until a change in voltage of 0.02 V (0.09 N)
was achieved for that particular rod. This was the min-
imal significant change that may be observed by the
system. This defined a position with no slack or appar-
ent stretching on the chordae tendineae.
Lateral location: The PMs arranged parallel to each
other and directly aligned with the valve’s annulus on
each commissure. The commissural chords inserting in
the annulus were vertically perpendicular to the annu-

296 Papillary muscle position and chordal force
J. H. Jimenez et al.

J Heart Valve Dis
Vol. 14. No. 3

May 2005

Figure 1: Schematic diagram of an extended mitral valve,
identifying the chordae tendineae selected for tension

measurements.



lar plane.
Septal-lateral location: The rods were moved septal-
laterally until an even extension of the commissural
chords inserting into the annulus was observed.
Normally, this point was approximately 2 mm below
the annular height midpoint.

Valve function in the normal PM position was con-
firmed under pulsatile flow by observing appropriate
leaflet coaptation.

The simulator was run under physiological condi-
tions, with the valve in the normal position (cardiac
output 5 l/min; peak transmitral pressure 120 mmHg;
heart rate 70 bpm; systolic duration ca. 300 ms). Flow,
tension and pressure curves were stored and then
processed offline.

After the initial set of recordings, the PMs were dis-
placed to seven different PM positions. All displace-
ments were symmetrical; therefore, both PMs were
displaced equally to reach each position. Only sym-
metric positions were tested because it was not possi-
ble to attach all six C-rings on the same PM. The eight
different positions are listed in Table I, with their cor-
responding vectorial displacements from the normal
position. A schematic of the spatial reference system is
shown in Figure 2. All recordings were repeated for all
the different PM positions maintaining the physiologi-
cal flow and pressure conditions previously described.

Statistical analysis
All data were reported as mean ± SD, unless other-

wise stated. Percentile differences were calculated
using measurements in the normal PM position as ref-
erence, unless otherwise stated. Significance in per-
centile differences in force associated with
repositioning of the PMs was compared using the one-
sample Wilcoxon test. The two-sample Mann-Whitney
test was used to compare porcine and human mitral
valve populations. A p-value ≤0.05 was considered to
be statistically significant. All statistical analyses were
carried out using Minitab (version 14) software.

Results

The chordae tendineae tension curves were seen to
follow the transmitral pressure curve for all valves. All
valves coapted correctly, with no observable regurgita-
tion orifices in the normal PM position. Chordal force
was compared using peak systolic tension (PST) values
for individual chords. The tension present on the indi-
vidual chord during diastole was considered as the
baseline (18).

PST measurements under 0.01 N were discarded
because they could not be distinguished from electrical
crosstalk. The C-rings were calibrated before and after
the experiment to assess transducer functionality.
Measurements for individual chords were discarded if
the transducer showed malfunction in post-experi-
mental calibration. Data for positions 005 and 505 were
not obtained for all experiments due to geometrical
restriction in the PM displacement apparatus. This
restriction related to valves which had posteriorly
inclined normal PM positions because of anatomical
features of the valve. Only these factors account for the
reduced number of specimens in some data sets; no
other criterion was used to discard measurements.

PST values for porcine and human mitral valves
PST values for porcine and human mitral valves

were compared; a summary for the two groups is list-
ed in Table II for the normal PM position. Statistical
analysis showed that there was no significant differ-
ence between the two groups for any of the six chordae
tendineae in any of the PM positions used.

Variation in PST due to PM displacement
For all chords, percentage variations in PST used as

reference the normal PM position, unless otherwise
stated. A summary of PST results in the normal PM
position is listed in Table III.

Anterior strut chord
The average force on this chord was 1.12 ± 0.53 N in
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Table I: Vectorial composition of the different papillary muscle (PM) positions.

PM position Displacement (mm)
___________________________________________________________________________

Apical Lateral Posterior

000 0 0 0
005 0 0 5
050 0 5 0
055 0 5 5
500 5 0 0
505 5 0 5
550 5 5 0
555 5 5 5



the normal PM position. When the PMs were moved to
positions 005, 050 and 055, PST did not vary signifi-
cantly from that measured in the normal position. In
contrast, significant (p ≤0.05) increases in PST of 40 ±
23%, 43 ± 24% and 39 ± 33% were observed when the
PMs were moved to positions 500, 550 and 555, respec-
tively. When comparing positions 505 and 500, there
was a decrease in tension (p ≤0.05), whereas the appar-
ent increase when comparing positions 505 and 005
was not statistically significant (p = 0.1).

Posterior intermediate chord
The average PST on this chord in the normal position

(0.34 ± 0.29 N) decreased by 37 ± 10% with the posteri-
or displacement of the PMs in position 005. Position
500 showed a significant increase in tension of 105 ±
68% when compared to tension present in the normal
PM position. Similarly, the tension had a significant (p
<0.05) increase for position 550. Although there was an
apparent reduction in PST when going from position
500 to 505, this result was not statistically significant.

Position 555 showed a similar tension (0.37 ± 0.36 N) to
that present in the normal PM position. The average
variations in PST for the anterior strut chord and pos-
terior intermediate chord are shown in Figure 3.

Anterior marginal chord and posterior marginal chord
For the anterior marginal and posterior marginal

chords, there was no significant (p >0.05) difference in
PST for any of the PM positions used, with the excep-
tion of position 550 for the anterior marginal chord.
The PST for these chords was relatively uniform for all
positions (Fig. 4).

Basal posterior chord
For the basal posterior chord there were six different

positions with statistically significant variations in ten-
sion. Positions 005, 055 and 050 showed significant
decreases in PST of 40 ± 16%, 43 ± 22% and 20 ± 20%,
respectively, when compared to the PST present in the
normal PM position (0.21 ± 0.18 N) (Fig. 5). In contrast,
PM relocation to position 500 increased the force by
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Table II: Average chordae tendineae peak systolic tension (PST) values for human and porcine mitral valves in the normal
papillary muscle position.

Chord PST (N)
____________________________________________________________

Porcine Human

Anterior strut 1.02 ± 0.61 1.16 ± 0.57
Posterior intermediate 0.43 ± 0.48 0.30 ± 0.18
Anterior marginal 0.26 ± 0.18 0.41 ± 0.23
Posterior marginal 0.29 ± 0.30 0.25 ± 0.25
Basal posterior 0.21 ± 0.27 0.22 ± 0.14
Commissural 0.06 ± 0.03 0.21 ± 0.27

Figure 2: Spatial reference system based on the normal
papillary muscle position. The vertices of the cube

represent the eight different experimental positions used in
the study.

Figure 3: Variations in peak systolic tensions of different
papillary muscle (PM) positions for the anterior strut
chord and posterior intermediate chord. Bars represent

mean ± SD. *, different PM positions versus normal PM
position (p ≤0.05).



107 ± 45%, whereas relocation to position 550 induced
an increase in tension of 109 ± 50%. Position 555 also
showed an increase in tension, though this variation
was smaller than those observed in positions 500 and
550. When comparing positions 500 and 505, there was
a decrease in tension of 30 ± 9% associated with the
posterior motion of the PMs (p ≤0.05).

Commissural chord
The commissural chord showed high sensitivity to

PM displacement (Fig. 5). Positions 005, 050 and 055
showed decreases in PST of 60 ± 17%, 38 ± 17% and 30
± 28%, respectively, when compared to the PST in the
normal PM position (0.15 ± 0.21 N). In contrast, posi-
tions 500, 505, 550 and 555 had increases in force of 114
± 52%, 153 ± 110%, 104 ± 58% and 104 ± 93%, respec-
tively. All of these variations were statistically signifi-
cant (p ≤0.05).

When comparing PST for different PM positions for
each individual chord, the results showed the smallest
percentage standard deviation in PST for the posterior

marginal chord (±15%). The anterior marginal chord
also showed a relatively small variation from the aver-
age PST for all positions (±20%). The anterior strut had
a percentage standard deviation of ±28%, and the pos-
terior intermediate chord of ±48% from the force pres-
ent in the different PM positions. The largest variations
in PST for the different PM positions were present in
the basal posterior (±56%) and commissural (±61%)
chords.

Discussion

During the cardiac cycle, the mitral valve is held
within a very dynamic environment which is
described by annulus displacement, ventricular
motion and PM contraction. Within this environment,
the basal chords maintain a relatively constant dis-
tance from the tips of the PMs to the annulus (9,19),
aiming to maintain overall valve geometry and isolat-
ing the motion of the leaflets from the surrounding
environment movement. The geometrical and anatom-
ical construct of the mitral valve must ensure that the
chords controlling coaptation - and especially those
involved in the appropriate sealing of the valve - are
less sensitive to the changing environment. Therefore,
as expected, the intermediate chords were less sensi-
tive to changes in PM position than the basal chords,
whereas the marginal chords were the least sensitive of
all chordal types to PM position variations. These char-
acteristics were clearly shown by the standard devia-
tions of the forces of the chords when different PM
positions were compared. In addition, the direction of
displacement of the PMs was directly related to which
chord type presented altered tensions. Apical displace-
ment affected tension on the secondary chords of both
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Figure 4: Variations in peak systolic tensions of different
papillary muscle (PM) positions for the anterior and

posterior marginal chords. Bars represent mean ± SD. *,
different PM positions versus normal PM position 

(p ≤0.05).

Figure 5: Variations in peak systolic tensions of different
papillary muscle (PM) positions for the basal posterior

chord and commissural chord. Bars represent mean ± SD.
*, different PM positions versus normal PM position 

(p ≤0.05).

Table III: Average chordae tendineae peak systolic tension
(PST) values for the normal papillary muscle position.

Chord PST (N)*

Anterior strut 1.12 ± 0.53
Posterior intermediate 0.34 ± 0.29
Anterior marginal 0.36 ± 0.22
Posterior marginal 0.26 ± 0.24
Basal posterior 0.21 ± 0.18
Commissural 0.15 ± 0.21

*Values include forces from both porcine and human mitral
valves.



leaflets, whereas posterior displacement tended to
reduce the force on chords which inserted into the pos-
terior leaflet. The tensions on chords which inserted
near the annulus were affected by displacement of the
PMs in all directions.

The PSTs measured for different PM positions in the
present study were at variance with those reported in
a previous in-vitro investigation (16). These differences
may be attributed to variations in the PM displace-
ments used in the two studies, and to the use of
glutaraldehyde to preserve the valve in the aforemen-
tioned study, as this has been shown to affect valve
mechanics (17). The average PSTs for the primary
(marginal) and secondary (intermediate) chords in the
defined ‘as-normal’ PM position were within ranges
observed previously in vivo in animal studies (19).

Apical displacement significantly increased the ten-
sion present on the anterior strut chord. When the PMs
are displaced apically, the coaptation geometry of the
mitral valve changes. Apical displacement generates
tented leaflet geometries, as shown herein and in pre-
vious studies (1,21,22). Under a tented geometry, the
intermediate chords restrict leaflet motion, and there-
fore these chords should hold most of the load during
valve closure. The results of the present study for the
anterior strut chord were in clear agreement with the
aforementioned phenomenon, as apical displacement
of the PMs tented the leaflets and significantly
increased the load on the anterior strut chord. The
decrease in force when repositioning the PMs from
position 500 to position 505 was probably related to a
redistribution of the load between chords.

Posterior PM displacement decreased the tension on
the posterior intermediate chord by approximately
37%. This PM relocation shifted the coaptation line
posteriorly, reducing the area of the orifice covered by
this leaflet and decreasing the insertion angle of this
chord. Both of these changes reduced the resultant
force vector. The increase in tension associated with
position 500 is explained by the same tenting described
for the anterior strut chord. Combined apical-lateral
displacement induced a significant increase in tension
due to tenting of the leaflet and the stretching and redi-
rection of the posterior intermediate chord. This effect
was reduced in position 555 because of the posterior
motion associated with this position.

The force on the anterior marginal chord and poste-
rior marginal chord was relatively homogeneous for
the different PM positions. As the marginal chords
control coaptation in the tip of the leaflet, tension in
them may be less sensitive to changes in PM position
as the mitral valve is designed to operate in a highly
dynamic environment. In addition, the tension meas-
urements for these chords were small in magnitude
and highly variable from valve to valve; thus, small

variations in force in these chords may not be detected
by the methods used in the present study.

The tension on the posterior basal chord was highly
sensitive to PM displacement. Posterior displacement
reduced the tension on the posterior basal chord as it
redirected the angle of the chord. This motion reduced
the septal lateral component of force, and thus,
reduced the overall resultant force. As chordae
tendineae have a non-linear mechanical response to
elongation (23,24), apical displacement increased PST
on the basal posterior chord because of pre-straining.
A pre-strained chord will be subjected to a higher ten-
sion for a similar strain during coaptation. Lateral dis-
placement of the PMs reduced the force on the basal
posterior chord. This reduction was probably due to a
redistribution of the load with other chords.

The commissural chord selected for these experi-
ments inserted near the annulus and below the septal-
lateral midpoint of the valve (posterior section of the
valve); therefore, trends in force variation due to PM
displacement were similar to those present in the basal
posterior chord. Similarly, pre-straining increased the
force on the basal posterior chord during apical motion
of the PMs. In addition, both posterior and lateral relo-
cation of the PMs decreased the force on these chords.
The relative contributions of these motions (lateral-
posterior) to the force on the commissural chord
should be different than the contributions to the force
of the basal posterior chord because of their different
angle and location of insertion on the valve.

The absolute tension on the chordae tendineae has
two different contributors: a baseline tension which is
dependent on the static tethering of the chords; and a
dynamic component which is the result of valve
motion due to transvalvular pressure. The forces meas-
ured in the present study were only those associated
with transmitral pressure, as the diastolic force was
considered to be baseline. The tethering component of
the force can be observed in baseline shifts when repo-
sitioning the PMs. Although electrical drift in the
transducers was small, the tethering force was not
measured since stress relaxation due to the viscoelastic
nature of the chords induced baseline shifts which are
significant during the course of an 8-h experiment. In
addition, this tethering tension is highly dependent on
the force resulting from PM contraction. To the present
authors’ knowledge, no accurate measurements have
been made of this force during the cardiac cycle.
Hence, future research will be directed towards devel-
oping a protocol that will allow the absolute tension on
these chords to be measured precisely.

In the native mitral valve, the annulus has a saddle-
shaped geometry which varies in curvature during the
cardiac cycle (25,26). In addition, this shape has been
shown in the present authors’ laboratory to have sig-
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nificant effects on chordal force distribution; thus, it
may appear that using a flat annulus is not physiolog-
ical. The shape of the annulus is complex to mimic;
hence, the use of a saddled annulus may introduce
model-dependent artifacts and would complicate any
analysis of the data. The flat annulus was selected
because in pathologies such as ischemic mitral regur-
gitation and dilated cardiomyopathy (which are relat-
ed to PM displacement), there is a flattening of the
annulus, as shown previously (25,27). Furthermore,
when the ventricle is dilated it is commonplace to find
a dilated annulus. In order to correct annular dilation,
an annuloplasty ring may be implanted, but the pres-
ence of these rings tends to decrease annular dynamics
and lead to flattening of the valve. The use of a flat-
tened annulus in the present study was related to con-
ditions that may be found in the mitral annulus under
pathologies which may lead to PM relocation.

Study limitations
There were several limitations associated with both

the model and the procedure. The principal limitation
was low number of human mitral valves, though this
was partly compensated by the inclusion of porcine
valves to increase the sample population. In addition,
the use of porcine mitral valves allowed the compari-
son of force distribution among species. Chordal origin
pattern in the PMs and branching characteristics varies
widely among humans. Only human mitral valves
with simple chordal origin patterns were used in the
present study because they may be easily adapted to
the left heart simulator, and thus can be better com-
pared to porcine valves.

The results showed no significant differences in
chordal force distribution between porcine and human
mitral valves of similar sizes, thereby providing fur-
ther evidence of mechanical similarity between the
mitral valves of these species. However, further
research on this topic is warranted as the geometry of
the chords and insertion pattern is known to vary
between these two species.

The left ventricle heart simulator has several limita-
tions, despite its successful use in pioneering studies
(11,13,18). Although the pressure and flow conditions
generated in the loop are physiological, the simulator
does not reproduce phenomena such as ventricular,
atrial or PM contractions. Annular displacement was
also not simulated; this is an important factor that
affects chordae tendineae function, especially of those
that insert near the annulus. Therefore, absolute values
in tension of the posterior basal and commissural
chords may have been lower than those present in the
heart.

As outlined above, several pathologies associated
with PM malfunction and ventricular remodeling may

displace the PMs, leading to mitral regurgitation
(1,10,15), with the effects of PM displacement being
transmitted to the leaflets through the chords. The
results of the present study may provide surgeons
with further understanding of how the different
chords are affected as a result of different PM displace-
ments. Moreover, this knowledge may allow the
design or improvement of repair procedures aimed at
restoring mitral valve function in pathologies associat-
ed with PM relocation.

In conclusion, although the simulator limitations did
not allow the replication of all characteristics of mitral
valve mechanics, the study results revealed the effects
of PM displacement on the PST present on different
types of chordae tendineae. Apical motion increased
PST on the secondary chords, whereas chords on the
posterior side of the valve were subject to a reduction
in PST after posterior motion of the PMs. Chords
which insert near the annulus were affected by lateral,
posterior and apical displacement of the PMs. It is
clear that further investigations are required to corrob-
orate the initial findings of this study. The study results
also showed that variation in tension due to PM relo-
cation decreased with increasing distance of chordal
insertion from the mitral annulus. Chords which insert
near the annulus are the most sensitive to variations in
PM position, whereas chords which insert into the tip
leaflet are the least sensitive to PM relocation.
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