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Abstract
Background—Limited knowledge exists regarding the forces that act on devices implanted in
the mitral annulus. Determining the peak magnitudes, directions, rates, variation throughout the
cardiac cycle, and change with left ventricular pressure (LVP) will aid in device development and
evaluation.

Methods—Novel transducers with the ability to measure forces in the septal-lateral and
transverse directions were implanted in six healthy ovine subjects. Forces were measured for
cardiac cycles reaching a peak LVP of 90, 125, 150, 175, and 200 mm Hg.

Results—The septal-lateral force was observed to significantly increase from 3.9 ± 0.8 N (90) to
5.2 ± 1.0 N (125) p < 0.001, 5.9 ± 0.9 N (150) p < 0.001, 6.4 ± 1.2 N (175) p < 0.001, and 6.7 ±
1.5 N (200 mm Hg) p < 0.001. Similarly, the transverse force was seen to increase from 2.6 ± 0.6
N (90) to 3.8 ± 1.0 N (125) p < 0.01, 4.6 ± 1.3 N (150) p < 0.001, 4.3 ± 1.2 N (175) p < 0.001, and
3.5 ± 0.7 N (200 mm Hg) p < 0.05. In comparison, the septal-lateral force was significantly greater
than the transverse force at 90 (p < 0.05), 125 (p < 0.05), 175 (p < 0.001), and 200 mm Hg (p <
0.0005).

Conclusions—Annular forces and their variations with LVP through the cardiac cycle are
described. The results demonstrate differences in force magnitude and rate for increasing levels of
LVP between the septal-lateral and transverse directions. These directional differences have strong
implications in the development of future mitral devices.

Mitral valve (MV) disease is the most common valvular ailment in the United States [1].
Dysfunctions occurring from this disease can be functionally classified with clinical and
surgeon-specific factors influencing the decision to repair or replace [2–5]. The success of
each therapy varies and has motivated the development of new strategies to improve patient
outcomes [6–10]. The growth of robotic and percutaneous techniques has contributed to this
cause and ushered in a new class of devices to restore MV function [11–15].

Devices being designed for placement by percutaneous catheter–based techniques and small
incisions require increased flexibility and foldability and as such may be more prone to
strain-related mechanical failure. Even with the use of state-of-the-art engineering, limited
knowledge is available about the forces that act on devices implanted in the mitral position.
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These forces originate from the circumferential shortening of myocardial fibers that result in
a systolic reduction of annular area. This reduction's net effect is the radial compression and
expansion of devices that are implanted within the mitral annulus. At present, our
unfamiliarity with the peak magnitude and direction of these radial forces has been
improved by select experimental studies [16,17].

Hasenkam and colleagues [16] were the first to describe the forces generated by porcine
myocardium on 29-mm Edwards-Duromedics mitral valves. Their results revealed a
maximum in-plane force of 6 to 8 N to act 30° clockwise from the natural intercommissural
line. Later, in 2001, Shandas and associated [17] used three-dimensional ultrasound to
measure the deformation of St. Jude Medical Biocor stented prosthetic mitral valves.
Measured ring deformations were used as boundary conditions within a finite element
analysis model to estimate the maximum septal-lateral force to fall between 4.4 and 13.9 N.

Each of these studies was pioneering in estimating the radially directed forces that the
myocardium can generate on implanted prostheses. The combined results of these studies
were unable to identify a common direction of maximal force or quantitatively compare the
magnitude of these forces with other radial directions. Moreover, each study provided a
large range of forces whose rate, correlation with left ventricular pressure (LVP), and
change with hypertensive conditions remains unknown. Using a novel mitral annular force
transducer technology, we now describe the septal-lateral and transverse forces that result
from mitral annular contraction at both normal and hypertensive left heart hemodynamics
within a healthy ovine model.

Material and Methods
Mitral Annular Force Transducers

Novel transducers were developed to measure the forces resulting from mitral annular
contraction. These devices possessed the ability to measure forces in both the septal-lateral
and the transverse directions. The spring element of each transducer possessed a D-shaped
profile similar to that of the native annulus with lateral suture passages in each measurement
arm for device-annulus anchoring (Fig 1). These elements were fabricated in three sizes
similar to ovine annular dimensions previously reported [18, 19].

Combining finite element analysis with forces previously reported, the dimensions of each
size were optimized to minimize transmitral flow obstruction and maximize transducer
strength [16, 17, 20]. On the basis of these analyses, the transducer spring elements were
fabricated from MicroFine Green Resin using stereo-lithography (Fineline Prototyping,
Raleigh, NC). Similarly to previous studies, this material was chosen for its adequate
biocompatibility and stiffness (2.1 GPa) to increase the signal-to-noise ratio of the strain
gage signals [20, 21]. By using this material, the fractional transmitral flow area obstructed
by the device was 0.19 cm2/cm2.

Each of the transducers used in this study was strain gage based. Strain gages in a quarter-
bridge configuration were adhered to each radial measurement arm by using standard
techniques [22]. Upon application of an external force, the strain gages deform with the
spring element, resulting in a change in the gage's electrical output. Through calibration,
changes in electrical output are correlated to known forces, providing the ability to convert
measured electrical outputs to force measurements.

All measured forces are reported relative to a well-defined calibration apparatus pictured in
Figure 2. Compression of the device results in a positive force, whereas outward stretching
of the device results in a negative, tensile force. This apparatus possessed the ability to
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impose radial forces either independently or in concert. On the basis of previous studies,
each transducer was calibrated from 0 to 8.4 N (in 1.2-N increments) while submerged in a
37°C water bath to mimic the physiologic temperature of the ovine subjects [16, 17].

All transducers used in this study possessed linear relationships between voltage and
calibrated force, with correlation coefficients exceeding 0.98. Testing of each device found
peak loading (8.4 N) along one measurement arm to minimally influence the perpendicular
measurement arm, resulting in forces less than 0.1 N. Out-of-plane deformation using forces
previously reported also minimally influenced force measurements, with results less than 0.1
N [20, 21]. The frequency response of these strain gage transducers has been previously
published by our group and shown to exceed the requirements for intracardiac measurement
[23, 24].

Surgical Protocol
The animals used in this work received care in compliance with the protocols approved by
the Institutional Animal Care and Use Committee at the University of Pennsylvania in
accordance with the guidelines for humane care (National Institutes of Health Publication
85–23, revised 1996).

Six male Dorset hybrid sheep (40 ± 7 kg) were intubated, anesthetized, and ventilated with
isofluorane (1.5% to 2%) and oxygen. Surface electrocardiogram and arterial blood pressure
were monitored. After the establishment of cardiopulmonary bypass, a left atriotomy was
performed. Eight 2–0 Ethibond Exel Polyester sutures (Ethicon, Piscataway, NJ) were
passed through the mitral annulus in positions relative to suture passages within the
transducer's measurement arms. These sutures were secured through these passages and
consistently resulted in firmly securing the device to the mitral annulus (Fig 3). Visual
inspection was used to verify transducer placement and orientation within the mitral
annulus.

Following separation from cardiopulmonary bypass, epicardial echocardiography was
completed. A high-fidelity pressure transducer (SPR-3505; Millar Instruments, Houston,
TX) was passed percutaneously into the left ventricle (LV) through the femoral artery for
continuous measurement of LVP. Surface electrocardiogram, LVP, and arterial pressure
(Hewlett-Packard 78534C monitor; Hewlett-Packard Inc, Santa Clara, CA) were monitored
continuously. Upon establishment of baseline hemodynamics (90 mm Hg peak LVP, 4.0 L/
min cardiac output), forces resulting from mitral annular contraction were measured within
the postcardioplegic heart.

To understand the effects of variations in peak LVP, forces were recorded for cardiac cycles
with peak LVP of 125, 150, 175, and 200 mm Hg. Elevated levels of LVP were achieved by
the intravenous injection of norepinephrine. After successful measurement of all endpoints,
the animals were euthanized with 1 g thiopental and 80 mEq KCl. The hearts were removed
and opened to verify placement and firm anchoring of the device to the mitral annulus.

Data Acquisition
Mitral annular forces were continuously acquired by use of a compact data acquisition
system (cDAQ 9174) and strain gage bridge module (NI 9237) (National Instruments,
Austin, TX). LVP was measured from the Millar pressure catheter's control unit by use of an
analog voltage module (NI 9215) (National Instruments) at a sampling rate of 1613 Hz.
Forces and LVP were continuously monitored and recorded with a custom-built program
within the LabVIEW version 9.0 software (National Instruments).
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Data Analysis
All acquired data were processed offline by use of a custom Matlab program (Mathworks,
Natick MA). All signals were averaged over ten consecutive cardiac cycles. Forces within
this study are reported as the change from their minimum diastolic value to maximum
systolic value. At baseline conditions, the rate change of LVP (d[LVP]/dt) and force (dF/dt)
with time during isovolumetric contraction was determined. Peak values measured from ten
consecutive cardiac cycles were averaged and reported.

Measured forces and rates of force with time were checked for normality by the Anderson-
Darling test. A general linear model using each animal as a random factor was used to
investigate the effect of the animal and pressure on the measured septal-lateral and
transverse forces. A Dunnett post hoc test was used to determine whether significant
differences in force existed between the baseline and elevated levels of LVP. A Tukey post
hoc test was additionally used to determine whether significant differences in force existed
at each level of LVP between force directions. Correlation analysis was used to determine
the strength of association between force and LVP. A paired-samples t test was additionally
used to determine whether significant differences existed between each direction for dF/dt
during isovolumetric contraction. All statistical analyses were completed with Minitab 15
(Minitab Inc, State College, PA). All forces, LVP, d(LVP)/dt, and dF/dt are expressed as a
mean ± 1 standard deviation.

Results
A total of six healthy animals successfully underwent placement of a mitral annular force
transducer, and resultant forces were measured. During force acquisition, the mean heart rate
and peak LVP at baseline conditions were 95 ± 15 beats/min and 90 ± 2 mm Hg
respectively. Implantation of the device was found to modestly affect mitral inflow
velocities, as pictured in Figure 4. Throughout each cycle, forces were seen to increase from
ventricular diastole to midsystole. A representative ten-cycle ensemble averaged trace of
measured forces with LVP throughout the cardiac cycle is pictured in Figure 5.

From diastole, a small elevation in force seen during the atrial kick was shown to be more
prominent in the septal-lateral direction (Fig 5). This elevation was followed by a sharp rise
in force, with isovolumetric contraction peaking at midsystole. During isovolumetric
contraction, septal-lateral and transverse forces were found to increase with LVP (p <
0.0005). The average of the peak change in LVP with time (d[LVP]/dt) during this period
was 2105 ± 712 mm Hg/s. The rate increase of septal-lateral force 77 ± 31 N/s was found to
be statistically greater than the transverse direction 36 ± 16 N/s (p < 0.05).

The peak change in septal-lateral force throughout the cardiac cycle was found to
significantly increase at each peak level of LVP (p < 0.001). Septal-lateral force was
observed to significantly increase at the p < 0.001 level from the baseline condition 3.9 ± 0.8
N to 5.2 ± 1.0 N (125), 5.9 ± 0.9 N (150), 6.4 ± 1.2 N (175), and 6.7 ± 1.5 N (200 mm Hg),
respectively. These results are plotted in Figure 6. Among all subjects and tested conditions,
the peak change in septal-lateral force throughout the cardiac cycle was 9.2 N at 200 mm Hg
peak LVP.

For the transverse direction, a statistically significant difference in force was found between
peak levels of LVP (p < 0.005). The change in transverse force throughout the cardiac cycle
was seen to increase from the baseline condition 2.6 ± 0.6 N to 3.8 ± 1.0 N (125) p < 0.01,
4.6 ± 1.3 N (150) p < 0.001, 4.3 ± 1.2 N (175) p < 0.001, and 3.5 ± 0.7 N (200 mm Hg) p <
0.05 (Fig 7). Although this observation was not statistically significant, the mean transverse
force was observed to decrease from 150 to 200 mm Hg. Inasmuch as the mean septal-
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lateral force is much larger at 175 and 200 mm Hg (Fig 8), shortening of the transverse
diameter may be hindered and thus may translate to a lower transverse force. Among all
animals, the peak change in transverse force throughout the cardiac cycle was 6.3 N at 150
mm Hg.

Measurements from each direction were subsequently compared to determine whether
forces in the septal-lateral direction were greater than those in the transverse direction. The
results revealed the septal-lateral force to be significantly greater than the transverse force at
a peak LVP of 90 (p < 0.05), 125 (p < 0.05), 175 (p < 0.001), and 200 mm Hg (p < 0.0005)
(Fig 8). Owing to larger variances in the transverse force, no statistically significant
differences were found for 150 mm Hg peak LVP.

Comment
Minimally invasive and percutaneous procedures have the potential for treating a large
number of patients with MV disease. The same flexible and foldable structures that facilitate
their delivery also present a challenge for reshaping the mitral annulus and enduring its
cyclic contraction. As a result, these devices may have greater structural deformations
during function and be more prone to strain-related mechanical failure. For these reasons,
understanding the directional differences, rate changes, and variation of these forces with
LVP will significantly contribute to the development and testing of minimally invasive and
percutaneous MV devices.

This study provides a quantitative assessment of forces associated with mitral annular
contraction at baseline and increasing peak LVP in the septal-lateral and transverse
directions. These data will be beneficial for the development and evaluation of new devices
that restore valve competence. Inasmuch as minimally invasive devices can be directionally
heterogeneous, reported differences in septal-lateral and transverse forces with LVP can
inform structural design and worst-case loading conditions. The quantification of the rate
change of these forces may additionally inform rates of cyclic testing and the use of device
materials with rate-dependent or time-dependent material properties. These data will
contribute to more accurate experimental and computational models that further assist in
optimizing device durability, flexibility, and safety.

In comparison with prior studies, the forces measured in our study are in good agreement
with the magnitudes previously reported [16, 17]. The maximum forces reported to act on
prosthetic Edwards-Duromedics mitral valves (6 to 8 N) in a porcine subject are similar to
the maximum values reported herein (4.3 to 6.9 N) at comparable mean peak LVP (130 vs
125 mm Hg) and heart rate (144 vs 130 beats/min) [16]. A direct comparison between the
directions of these maximum forces, however, cannot be made. Hasenkam and colleagues
[16] reported the maximum force to act 30° clockwise from the natural intercommissural
line, whereas the present study was limited to measurements in the septal-lateral and
transverse directions.

Similarly to our results, Shandas and colleagues [17] found the maximum annular force on
St. Jude Medical Biocor stented prosthetic valves (between 4.4 and 13.9 N) to act in the
septal-lateral direction. In comparison with the present study, this larger range of peak force
is likely due to the smaller number of experimental subjects (n = 2) and the limitations of
using three-dimensional intra-vascular ultrasound to map two-dimensional deformation of
the stented valves. A key difference, however, was the timing of the peak force. Shandas and
colleagues described the peak force to occur during atrial contraction, whereas our results
are in good agreement with those of Hasenkam and colleagues [16] to occur during
midsystole. We believe the later timing to be correct because midsystole would coincide
with near peak LV contraction and thus peak force.
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At baseline conditions, the mean change in septal-lateral force was found to be larger than
the mean change in the transverse direction. This directional difference is supported by a
similar study describing the dynamic reduction in the native annulus throughout the cardiac
cycle. Using sonometric crystals to three-dimensionally map the mitral annulus within 55
ovine subjects; Rausch and associates [25] found the septal-lateral diameter to have a larger
mean peak reduction (12.06%) than the transverse diameter (5.51%) given by p < 0.001.
This result supports our findings in that a greater circumferential shortening of myocardial
fibers aligned near the posterior annulus results in not only a greater reduction in septal-
lateral diameter but a greater vectorially resolved radial force.

The results in our study additionally found the rate at which the septal-lateral force increases
during isovolumetric contraction to be greater than that of the transverse direction. Given
that the generation of forces can be accomplished only during contraction of the heart's
muscle fibers, the time to generate both forces can be assumed to be approximately equal.
As a result, a greater rate of generation is required to achieve a larger force, as observed
between the septal-lateral and transverse directions. Directional differences in both peak
forces and rate may have strong implications in the development of both stiff and
directionally flexible devices.

Beyond in-plane forces, out-of-plane forces also exist. Jensen and colleagues [20, 21] was
the first to describe the magnitude and distribution of these forces on flat and saddled
annuloplasty rings. Although they are of lower magnitude, they play an equally important
role in understanding the forces that may act on mitral annular devices. Currently no
methods exist to resolve the three-dimensionality of mitral annular forces; however, we
believe that those acting within the annular plane are of greatest magnitude. Although the
subject is challenging, future studies may wish to consider the magnitude of forces acting
circumferentially around the mitral annulus. Combined with various models of myocardial
strain mapping, material properties of the mitral annulus may be determined and
computational models more accurately used.

Several limitations exist in our study. The calibration of each transducer within our well-
defined apparatus may not fully represent device fixation within the mitral annulus.
Although care was taken to match each transducer to the subject's annular size, exact
matching was not likely achieved. Implantation of one device inadvertently induced trace
mitral regurgitation. Absolute forces experienced by each device as a result of implantation
and function were difficult to quantify because of the observed variations in the diastolic
forces from combined changes in annular contractility, temperature effects, and signal
offsets caused by inadvertent tugging of the transducer's wires. For these reasons, the change
in force throughout the cardiac cycle is reported. Inasmuch as the implantation of any device
will likely alter the native mitral annular mechanics, any forces measured may not be equal
to those in absence of the implanted device. Moreover, these results are limited to normal
ovine animals and may not represent the forces that may be seen in various causes of mitral
disorders in humans.

The extension of these results to forces that may be present within the human mitral annulus
requires future attention. The animals enrolled in this study possessed similar mitral annular
areas with comparable peak LVP and d(LVP)/dt to those found in humans [2, 26]. Although
the correlation between systolic mitral annular area reduction and radial force is unknown,
annular area reduction has been shown on average to be greater for humans than for ovine
subjects (26% vs 10%) [2, 25]. Interestingly, LV mass (range, 110 to 155 g) and LV wall
thickness (range, 6 to 10 mm) for healthy human subjects is comparable to those of ovine
subjects used in similar studies (mean LV mass, 115 g; LV wall thickness range, 5.7 to 12.4
mm) [27–29]. Given that our forces were measured with the animals under anesthesia and
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within the postcardioplegic heart, we hypothesize the mitral annular forces within healthy
human subjects to be of comparable or slightly larger magnitude than the forces reported
herein at 125 mm Hg peak LVP.

Our findings in this study provide a foundation for not only the forces that exist but the
mean rates at which they are generated during LV contraction. These results may be used to
help define the appropriate and relevant boundary conditions for the testing of devices by
use of both experimental and computational models. A parallel study is currently under way
to examine the magnitude and rate of these forces in the presence of chronic ischemic mitral
regurgitation within an ovine model. Upon additional investigation, these findings may
provide key insight into the forces placed on devices by mitral annular contraction and how
these forces may correlate with the condition and function of the native heart.
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Fig 1.
Isometric view of the developed mitral annular force transducer possessing a D-shaped outer
profile with features and measurement directions identified.
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Fig 2.
Biaxial calibration apparatus with a schematic representation of what forces are applied to
the device.
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Fig 3.
Implantation of the force transducer to the mitral annulus is accomplished in the exact
fashion as mitral annuloplasty.
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Fig 4.
(A) Doppler echocardiographic image of mitral inflow from the left atrium (LA) in absence
of the annular force transducer (FT). (B) Implanted transducer modestly increases mitral
inflow velocity. (LV = left ventricle; MV = mitral valve.)
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Fig 5.
Representative ensemble average of septal-lateral and transverse forces with time and left
ventricular pressure. (LVP = left ventricular pressure.)
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Fig 6.
The mean change in septal-lateral force throughout the cardiac cycle significantly increased
from baseline to each level of peak left ventricular pressure.
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Fig 7.
The mean change in transverse force throughout the cardiac cycle significantly increased
from baseline to each level of peak left ventricular pressure.
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Fig 8.
Comparison of each directional force at increasing levels of peak left ventricular pressure.
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