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Evaluating and Training Intraoperative Analysis of
the Mitral Valve

Neil A. Tenenholtz

Abstract—Mitral valve repair is the recommended method of
treating valve incompetency. However, the procedure is quite
difficult and, as a result, underperformed due to surgeon’s need
to predict the closed valve shape of the patient’s arrested heart.
While the interactive process of predicting closed valve shape is
achieved by physically manipulating valve tissue (known as valve
analysis), surgical training consists of traditional, non-interactive
pedagogy (e.g., book-based learning and lectures) followed by
an apprenticeship model where the trainee is gradually given
hands-on experience, resulting in post-medical school training
that is often 10 years or greater. The continuing education of
practicing cardiac surgeons also typically relies on the absorp-
tion of presented information rather than hands-on instruction.
The dichotomy of training an interactive process thorugh non-
interactive instruction is obvious and inefficient. Therefore, in
this work we develop an interactive, simulation-based system for
training valve analysis and the prediction of closed valve shape.
We show that not only can such a system distinguish between
users of differing skill levels, but it also is more effective than
traditional pedagogy in training predictive skills, suggesting the
potential of such methods to improve existing instruction and
thereby increasing the rate of valve repair.

I. INTRODUCTION

THE mitral valve is one of the four valves of the human
heart, separating the left atrium from the left ventricle.

Serving as a check valve, it passively regulates the unidirec-
tional flow of oxygenated blood in the heart. Anatomically,
the valve and its subvalvular apparatus consist of the mem-
branous mitral leaflets, the string-like chordae tendineae, the
fibrous mitral annulus, and the contractile papillary muscles
(Figure 1). Upon ventricular contraction (systole), the de-
creased ventricular volume creates an atrioventricular pressure
gradient with significantly higher pressures in the ventricle.
This rapidly induces leaflet motion, pushing the mitral leaflets
upwards towards the left atrium. Similar to the chords’ effect
on a parachute’s canopy, the chordae restrict the motion of
the leaflets, preventing them from billowing into the atrium.
Leaflet motion is further restricted via their mutual collision
and their attachment at the mitral annulus. The leaflets thus
form a seal preventing the backflow of blood into the left
atrium. Oxygenated blood is therefore forced through the
outflow tract, the aorta, after which it is distributed to the
body. When this seal is broken, undesired backflow (mitral
regurgitation) occurs, reducing cardiac efficiency and output
volume. If left untreated, the pathology can degenerate, re-
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Fig. 1. The mitral valve is a complex anatomical structure whose function
is crucial in regulating the flow of blood between the left atrium and left
ventricle.

sulting in adverse ventricular remodeling and ultimately heart
failure.

The preferred method of treatment is valve repair [1]. In this
procedure, valve tissue is resected and approximated to restore
systolic leaflet coaptation. Due to the poor resolution and high
noise of ultrasound images, the precise surgical plan must be
developed intraoperatively. This is complicated by the need to
arrest the heart during the procedure, as cardiac motion is too
fast to permit repair. Therefore, not only must a surgeon be
able to implement a given repair plan, he or she must also be
able to formulate one by predicting the closed valve’s shape.
This is accomlished using past experience and an investigation
of chordal support, perfomed by pulling on the chordal-
leaflet attachment sites using a nerve hook. Determining if
the chordae are of proper length is crucial as they regulate
maximum leaflet travel. Traditionally, this technique is taught,
like much of medicine, via non-interactive methods such as
readings and lectures followed by an apprenticeship model
under the watchful eye of an attending surgeon. However, such
a system limits the number of cases performed by the training
surgeon, which is problematic as there is a positive correlation
betwen surgical volume and both the rate of valve repair and
post-operative outcomes [2].

Past efforts in improving surgeon training have involved the
use of plastic or porcine models and focused on implementing
repair techniques rather than predicting closed valve shape [3],
[4]. Alternatively, others have demonstrated the feasibility of
using computer simulation to predict closed valve shape for
the surgeon [5]–[8]. In this work, we propose using computer
simulation to interactively teach the process of valve analysis
and thereby improve predictive abilities.

An interactive, computer-based valve simulator as described
in [9] is used to provide an evaluative and instructional
environment . Using a haptic device, the subject is able to
grab chordal-leaflet attachment sites and feel a force response,
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Fig. 2. The simulation platform consists of specialized software combined
with a standard PC and haptic device (left). While the user can use the mouse
to perform basic interactions with the user interface, more complex valve
manipulation is performed using the haptic device, facilitating a more inuitive
user experience. This permits the user to perform advanced exploration of a
valve in the training phase and cognitively associate easily computable views
and statistics with the limited information available in the operating room.

permitting virtual valve analysis. This setup is then used to
both verify differences in post-analysis predictive abilities and
also provide instruction to improve their performance.

II. METHODS

A. Simulation Environment

For meaningful analysis and instruction, realistic valve mod-
els are important. In this work, the models are derived from
imaged porcine valves, which are known to be anatomically
similar to those of humans and are commonly used to replace
human valves which cannot be repaired. Images are processed
and segmented to produce a virtual valve model. This model
is input to an interactive valve simulation system, where it
is rendered visually on the computer monitor and haptically
(Figure 2) using a Geomagic Touch (3D Systems, Rock Hill,
South Carolina, USA). The haptic device provides both a
3-dimensional computer interface, critical for navigating the
complex valve geometry, and force feedback allowing the user
to feel contact with the valve. This lies in stark contrast to
the 2-dimensional input provided by a mouse, which provides
no direct feedback to the user. While haptic devices improve
realism and usability in a virtual environment, they also require
a 1 kHz update rate to ensure stability and haptic transparency.

To model tissue deformation, a computationally simpler
mass-spring approximation of a finite element model was
implemented. Such a model has been demonstrated to produce
little change in accuracy in the context of valve simulation.
Parameters describing tissue properties are taken from ex-vivo
mechanical testing found in literature. Most importantly, such
a model permits simulation at haptic rates. This allows for the
application of stiff forces to the user, much like those exhibited
by the chordae tendineae, limited only by the inherent stiffness
of the haptic device.

As a result, the system enables the grabbing and pulling
of chordal-leaflet attachment points (Figure 3). Mimicking
intraoperative valve analysis, the user is able to tactilely
determine chordal support. This capability is achieved by
engaging a stiff spring-damper coupling between the haptic
cursor and the desired attachment point, which has been shown
to be more numerically stable in simulation than a direct

Fig. 3. The user can perform virtual valve analysis using the haptic device.
This enables the user to feel the chordal support exhibited by the virtual valve
model.

positional constraint [10]. The forces computed are then scaled
and rotated to align with the user’s viewpoint.

B. Evaluative Protocol

Before using the system for subject training, discriminative
measures of user skill must be developed and validated.
Therefore, the system was used to evaluate the ability of users
to predict closed valve shape from analysis of the open, flaccid
valve. Subjects consisted of 3rd year medical students and
cardiac surgeons. It was hypothesized that the less skilled
medical students would exhibit worse performance than the
more skilled surgeons. Prior to testing, subjects were given
unlimited time to familiarize themselves with the system.

Examination took the form of 10 multiple choice questions.
For each trial, the subjects were first presented with visual-
only renderings of four closed valves (Figure 4), which served
as their potential answer choices. All four renderings were
generated from physical imaging of an unpresurized porcine
valve. Virtual modifications of the valve in the form of
changes in chord length and papillary position were made to
produce differences in closed valve shape that were visually
indetectable in the flaccid, open valve to be analyzed. The
virtual valves were simulated to closure, and their final shapes
were presented to the user. To best isolate the subject’s ability
to predict closed valve shape, lesions typically accompanying
these etiologies such as changes in leaflet and annular geome-
try were omitted to prevent surgeons from applying pathology-
specific knowledge. The focus was solely on haptically deter-
mining the effects of chordal length on closed valve shape.
As a result, subjects were permitted to view the potential
answer choices, i.e. closd valves renderings, from all angles
to maximize their understanding of their possible choices.

After examining the four closed valve choices, an atrial
view of a single unpressurized valve was presented to the
subject using the interactive valve simulation platform. They
were alloted a maximum of three minutes to inspect the valve
by pulling on various chordal attachment points to determine
areas of excessive or restricted leaflet mobility (Figure 3).
However, subjects were not permitted to change the view of
the valve to best reproduce the limited visibility that is found
intraoperatively.
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Fig. 4. The subjects were provided with four choices for each trial. The valves
are identical with the exception of changes to chordal lengths and papillary
positions.

Upon completion of virtual valve analysis, indicated either
by the subject or the expiration of the 3 minutes alloted, the
four valve choices were again presented. Subjects were given
unlimited time to select the valve that he or she believed
to correspond to the open valve analyzed. Answers, as well
as time elapsed during valve analysis, were recorded. This
process was repeated for a total of 10 trials per subject. Trial
order was randomized to best control for learning. In addition,
only six unique trials were presented with four of the trials
repeated to test for uncontrolled learning.

C. Instructional Protocol

Upon validating the system’s ability to discriminate user
skill, the next logical question was whether the system could
be used for enhanced instruction. Since the evaluative pro-
tocol indicated that medical students performed no better
than random chance when predicting closed valve shape (see
Section III-A), graduate students familiar with valve anatomy
and physiology were studied due to their increased availability.

Similar to the previous study, each subject was presented
with visual-only renderings of four closed valves, was asked
to perform virtual valve analysis for a maximum of three
minutes, and was then instructed to select the closed valve
corresponding to the open valve analyzed. Three sets of five
trials were given to the user.

Prior to execution of the study, subjects were again given
unlimited time to familiarize themselves with the system. They
were then presented with a set of five trials without formal
instruction, just as in the Evaluative Protocol (Section II-B).
After the first set of trials, subjects were then provided with
one of two forms of instruction on performing valve analysis:
traditional instruction from Carpentier’s Reconstructive Valve
Surgery [11] or simulated-based training. The former is a text-
book written by some of the world’s foremost experts in valve
repair and covers in great detail all aspects of the procedure,
including the proper technique for performing valve analysis.
Conversely, simulation-based training attempted to convert the
written word into interactive tasks. Subjects were shown and

Fig. 5. Simulation-based instruction included a tactile examination of prolaps-
ing and tethered leaflet segments. It also visually highlighted these segments
by introducing a translucent plane through the annulus and simulating valve
closure.

then asked to repeat proper valve analysis technique, were
asked to feel the difference in the chordal support of a tethered
and prolapsing leaflet, and were shown visually emphasized
instances of valve dysfunction to assist in their identification
(Figure 5).

Following initial instruction, a second set of five trials was
conducted, after which, the remaining form of instruction was
provided. This was followed by a final set of five trials. Order
of instruction as well as order of the trials within each set were
randomized to control for learning of the system rather than
learning of the task. Again, answers and time elapsed during
valve analysis were both recorded.

III. RESULTS

A. Discrimination of User Skill

Nine subjects were recruited, 6 of which were 3rd year
medical students and 3 were cardiac surgeons. The time to
complete valve analysis as well as predictive accuracy varied
between the two populations at a statistically significant level
(Figure 6). The average number of correct responses among
medical students and surgeons was 2.5 and 6.3 respectively
(p = 0.01). In addition, while surgeons always used all of the
alloted time (180 seconds), medical students needed far less
to complete the task (p < 0.001), averaging only 90 seconds
to complete each trial. This decrease in time to completion
was trial-dependent, with later trials requiring less time to
complete.

B. Enhanced Instruction

A total of 12 subjects were recruited with seven first
receiving traditional, book-based instruction and five first
receiving interactive, simulation-based instruction. While first
providing traditional instruction was shown to increase time
to complete valve analysis in comparison to the control trials
(p = 0.01), it did not result in improved predictive abilities.
However, after receiving subsequent simulation-based training,
subjects demonstrated improved predictive abilities (p = 0.04)
with no increase in valve analysis time (Figures 7a and
7b). Conversely, those receiving simulation-based training first
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Fig. 6. Medical students and surgeons exhibit notably different performance
in the prediction task. Medical students demonstrate a predictive success rate
of 25%, equivalent to random chance, while surgeons fare far better. However,
surgeons require more time to complete the task.

showed both increases in the time required for valve analysis
(p = 0.001) and the rate of successful prediction (p = 0.04).
Subsequent traditional instruction produced no improvement
in valve analysis time nor prediction rates (Figures 7c and
7d).

IV. DISCUSSION

The performance of the 3rd year medical students in the
evaluative task highlights both the difficulty of the task and
the importance of training. Even after 3 years of medical
education following their undergraduate degrees (including
coursework in cardiac pathophysiology), the students per-
formed no better than random chance in predicting closed
valve shape. Their performance was so poor that, despite a
limited sample size, surgeons exhibited improved predictive
abilities at a statistically significant level. While the difference
can partially be attributed to a less thorough understanding of
valve physiology, the contrasting manners in which the two
populations perform valve analysis is easily discernible.

The cardiac surgeons were significantly more systematic
in their analysis of the valve. The process was highly re-
peatable and consistent, always starting at the same location
and proceeding around the valve in a predictable manner.
Comparing different areas to the initially examined region,
deviations from the norm only occurred when the surgeon
felt compelled to examine the original region again or when
areas were re-examined after analyzing the entire valve. While
providing a consistent baseline for comparison, it was also
more time-consuming explaining their increased valve analysis
time. Conversely, the approach taken by the medical students
was more haphazard, examining all areas of the valve but in
a random and inconsistent ordering. This permitted them to
finish in a lesser amount of time but also resulted in lesser
information gleaned. Therefore, it was not suprising to find
the greatest predictive rates attributed to the cardiac surgeons.
As a testament to surgeon ability, this occurred despite a lack
of a preoperative diagnosis or visible lesions that typically
accompany these pathologies.

The poor performance of the medical students emphasized
the need for training specific to valve analysis. While cur-
rently initial training consists of readings and lectures, the

(a) (b)

(c) (d)

Fig. 7. The training of subjects has a clear effect on their performance of
valve analysis and insights gained from it. Plots (a) and (b) highlight the
outcomes of training where initial instruction is provided by Carpentier’s
Reconstructive Valve Surgery [11]. Conversely, plots (c) and (d) show the
effect of training where simulation-based instruction is provided first. While
both forms of instruction result in increases in trial completion time, a proxy
for analysis technique, only simulation-based training is shown to demonstrate
improvements in predictive ability.

inefficiency of training an interactive task via passive learning
techniques is obvious and results in unskilled trainees enter-
ing the operating room for hands-on instruction. If trainees
were more skilled upon beginning the apprenticeship model,
they could be given greater responsibility initially, leading to
shorter training periods and/or more skilled surgeons. With the
the length of post-medical school education being exceedingly
long for cardiac surgeons, the potential for a more efficient
course of instruction is attractive.

Therefore, an active learning regimen was investigated to
examine whether it could improve educational efficacy and
efficiency. Rather than simply being told to analyze leaflet
mobility, trainees were capable of feeling leaflet mobility,
translating the written word into tactile sensation. The results
of the study were conclusive. Upon receiving traditional in-
struction, subjects improved analysis technique, as observed
qualitatively and noted in significant increase in time to
completion of valve analysis. Despite the improved technique
however, the subjects’ ability to predict closed valve shape
remained poor. Subsequent simulation-based training, while
having little effect on the already improved analysis technique,
did improve the subjects’ prediction rate.

To ensure such gains were not merely a result of the subjects
learning the system, the training order was also reversed. Upon
receiving initial simulation-based training, subjects’ analysis
technique and predictive abilities both improved significantly.
Furthermore, subsequent traditional instruction provided no
gains in either technique nor predictive ability, thus indicating
the capacity of the interactive platform to teach both proper
analysis technique as well as predictive skills.
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It should be emphasized that this simulation platform is
not designed to replace the hands-on training provided in the
operating room under the watchful eye of an attending sur-
geon. Even with simpler trials, subjects receiving simulation-
based training could not match the prediction rate achieved by
the cardiac surgeons. While further simulation-based training
may lessen this deficit, it is highly unlikely to eliminate
it entirely. Individualized instruction from a highly skilled
attending surgeon is invaluable and irreplaceable.

In addition to the individualized and specialized instruc-
tion the apprenticeship model provides, it also provides the
opportunity to operate on living patients. Inevitably, modeling
error is present in the simulations, resulting in a valve analysis
experience that is not entirely faithful to the conditions found
in the operating room. Such error is impossible to eliminate
entirely, and even replicating these experiments in a laboratory
setting with tissue samples would be infeasible. The genera-
tion of a porcine valve image is time-consuming, and tissue
properties change rapidly after excision from the host animal.
Valve analysis prior to imaging would introduce an additional
cognitive load by forcing the subject to remember the forces
experienced around the entire valve. Conversely, valve analysis
after imaging would result in changes in tissue stiffness if
the heart were not fresh or would require large quantities
of porcine hearts, an expensive and potentially inhumane
proposition.

Therefore, while simulation-based training introduces mod-
eling error and does not provide the expert guidance afforded
by an attending surgeon, it exceeds the educational value
provided by traditional pre-apprenticeship pedagogy. By es-
tablishing an intermediate training stage or using simulation-
based training in lieu of readings and lectures, the training of
cardiac surgeons would likely be improved.

V. CONCLUSION

In this work, an interactive valve simulator is demonstrated
to differentiate between users of differing valve analysis skill
levels. In addition, the platform is shown to provide more ef-
fective training, improving both user technique and predictive
ability, than traditional passive learning methods, which are
demonstrated to only improve technique. Moving forward, it
will be investigated whether this platform can be used can
improve the skills of the performance of more skilled users,
including surgical fellows and practicing surgeons in need of
a refresher.
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