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Objective: Minimally invasive repair of mitral valve prolapse (MVP) causing severe mitral regurgitation (MR)
should reduce MR and have chronic durability. Our ex vivo, acute in vivo, and chronic in vivo studies suggest that
direct application of radiofrequency ablation (RFA) to mitral leaflets and chordae can effect these repair goals to
decrease MR.
Methods: A total of seven canines were studied to assess the effects of RFA on mitral valve structure and function.
RFA was applied ex vivo (n = 1), acutely in vivo using a right lateral thoracotomy and cardiopulmonary bypass
(n = 3), and chronically in vivo using percutaneous access to the heart (n = 3). RFA was applied to the mitral
valve and its associated chordae. Mitral valve structure and function (in vivo preparations) were then assessed.
Results: Ex vivo application of RFA resulted in qualitative reduction in mitral leaflet surface area and chordal
length. Acute in vivo application of RFA to canines found to have MVP causing severe MR demonstrated a
43.7–60.7% statistically significant (P = 0.039) reduction in postablation MR. Chronic, in vivo, percutaneous
application of RFA was found to be feasible and the engendered alterations durable.
Conclusion: These data suggest that myxomatous mitral valve repair using radiofrequency energy delivered via
catheter is feasible. (J Interven Cardiol 2008;21:547–554)

Introduction

Prevalence of Mitral Valve Prolapse (MVP).

MVP is the most common cause of mitral regurgi-
tation (MR) in industrialized countries.1 The preva-
lence of MVP in the general population is 2.4%.2 Re-
cent United States census data place the population
of the United States at 281,421,906. Thus, currently
there are approximately 6,754,125 persons with MVP.
Several trials have examined the prevalence of severe
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MR in the setting of MVP; severe MR ranges from
6.5% to 9.0% of all cases of MVP.3,2,4 The recent
American College of Cardiology/American Heart As-
sociation Guidelines on Valvular Heart Disease (2006)
state that in an asymptomatic patient with severe MR,
mitral valve repair may be recommended to preserve
the left ventricular size and function. Given the above
prevalences, there are currently about 472,788 persons
with severe MR from MVP who could benefit from a
percutaneous mitral valve repair. In addition, given a
current birth rate of approximately 14 per 1,000 per-
sons in the United States, an additional 6,619 persons
per year will have MVP with severe MR. These fig-
ures represent a staggering volume of the population
that could benefit from a novel therapy that could
percutaneously repair the mitral valve using existing
technologies.
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Minimally Invasive Mitral Valve Repair. Alain
Carpentier pioneered mitral valve repair. He states
there are two requirements for mitral valve repair:
understanding of the anatomy and pathology of the
mitral valve and excellent surgical exposure of the mi-
tral valve by using large incisions in a patient’s chest
wall to visualize the heart.5 This major surgical study
was among the first to indicate that repair of the mi-
tral valve offered a lower death rate and long-term
success comparable to valve replacement. Subsequent
research has demonstrated that repair, as opposed to
replacement, of the mitral valve has a lower operative
death rate,6–9 lower rates of blood clot formation,6,8 de-
creased need for blood thinners, which may cause ex-
cess bleeding,6,8 shorter postsurgical recovery times,10

and longer survival.6,8,9 In addition, repair allows the
surgeon to leave the valve support structures (chordae
tendinae) in place; traditional valve replacement re-
moves these support structures. It has been found that
leaving the chordae tendinae intact results in better
mitral valve repairs.7,9

As surgery has become more sophisticated, there
has been a trend toward techniques that are less in-
vasive. Less invasive surgical techniques have been
shown to decrease the need for blood transfusions,
decrease rates of infection, decrease wound compli-
cations, decrease patient pain, and shorten recovery
times.10 It is interesting to note that surgical repair
is technically demanding,11 the type of repair did
not have an effect on long-term durability,10 repair
is possible in 90–95% of patients with valve regur-
gitation,6 and the function of the repaired valve can
be assessed by noninvasive echocardiographic imag-
ing.6 Currently, a minimally invasive mitral valve re-
pair requires 89–186 minutes of cardiopulmonary by-
pass (CPB) time, 58–143 minutes of cross-clamp time,
and 9–53 minutes of total repair time.12 If mitral valve
repair could be adapted to a percutaneous, closed chest,
beating heart environment, the repair time could be re-
duced by the elimination of both CPB and cross-clamp
times.

Percutaneous Mitral Valve Repair. We hypoth-
esize that the application of radiofrequency energy to
mitral valve leaflets and their associated structures is
feasible to percutaneously repair myxomatous MVP.
The application of energy may cause controlled dam-
age that leads to fibrotic scarring and contracture of
valve leaflets and surrounding structures. This direct
application of energy to the leaflet and its associated
structures may result in decreased MR.

Methods

Acute Ex Vivo. A canine with no known struc-
tural heart disease was sacrificed as part of an unrelated
protocol approved by the University of Pittsburgh In-
stitutional Animal Care and Use Committee. The heart
was then excised and dissected to expose the ante-
rior mitral leaflet. The heart with leaflet and chordae
exposed was placed in 0.9% saline solution. First, ra-
diofrequency ablation (RFA) energy was applied to the
anterior leaflet of the mitral valve using an RF ablation
pen (CardioblateTM Ablation System, Medtronic Inc.,
Minneapolis, MN). RFA was applied from the tip of the
leaflet to the annulus. These ablations were performed
every 2–3 mm as allowed by the size of the leaflet it-
self. Next, RFA was applied in a similar manner to the
chordae associated to the anterior leaflet of the mitral
valve.

Acute In Vivo. A colony of over 30,000 beagles
was screened for the presence of MVP causing severe
MR. The initial screening consisted of identifying an-
imals aged greater than 4 years (n = 100). Next, these
animals were auscultated to identify systolic murmurs
of grade 2 or larger (n = 13). Finally, these remain-
ing animals underwent transthoracic echocardiograms
(MicroMaxx, SonoSite, Inc., Bothell, WA) to evaluate
mitral valve structure and function.

Canines (n = 3) found to have anterior leaflet (n =
1), posterior leaflet (n = 1), and bileaflet MVP pro-
lapse (n = 1) causing severe MR with a mean ejec-
tion fraction of 66 ± 3% (mean ± SD) underwent
direct RFA in a protocol approved by the University of
Pittsburgh Institutional Animal Care and Use Commit-
tee. The animal was delivered to the operating theater.
On the day of surgery, dogs were sedated with ace-
promazine (0.1 mg/kg) and anesthetized with sodium
thiopental (10 mg/kg) for induction and isoflurane
(1.0–1.75%) for maintenance. Transthoracic echocar-
diograms were performed to reassess baseline mitral
valve structure and function. Using standard tech-
niques, both arterial and central venous pressure lines
were placed in the leg for continuous blood pressure
monitoring. In addition, venous catheters were placed
in the front legs of the animals for medication and fluid
administration.

The chest and infrascapular areas were shaved and
scrubbed. Using sterile surgical technique, a right lat-
eral thoracotomy was performed in standard fashion.
Following systemic heparinization, cardiopulmonary
bypass was established via an aortic cannula and right
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atrial cannula. The cardiopulmonary bypass circuit
consisted of a reservoir, a hollow fiber oxygenator/heat
exchanger, and a roller pump. After stabilization, the
aorta was cross-clamped and the heart arrested by
infusion of cold (4◦C ) hyperkalemic cardioplegia so-
lution (30 mL/kg) into the aortic root.

The mitral valve apparatus was exposed by open-
ing the left atrium. Next, radiofrequency energy, using
an RF ablation pen (CardioblateTM Ablation System,
Medtronic Inc.), was applied to the prolapsed leaflets
of the mitral valve and any associated elongated chor-
dae. Radial ablations were applied from the tip of the
leaflet to the annulus. These ablations were performed
every 2–3 mm as allowed by the size of the leaflet it-
self. No attempts were made to reattach flail leaflets or
torn chordae.

At the end of the procedure, the heart was closed,
and echocardiograms were performed to reassess mi-
tral valve structure and function. Specifically, mitral
regurgitant volume was calculated using the proximal
isovelocity surface area (PISA) on pre- and postab-
lation echocardiograms. Regurgitant stroke volume
determined by the PISA method has been shown
an accurate and reproducible means to calculate mi-
tral regurgitant volume in a canine model.13 Regurgi-
tant volumes on pre- and postablation were compared
using a two-sample Student’s t-test assuming equal
variances.

Chronic Ex Vivo. Canines with no known struc-
tural heart disease (n = 3) underwent percutaneous
mitral valve RFA in a protocol approved by the Uni-
versity of Pittsburgh Institutional Animal Care and
Use Committee. The animal was brought to the sur-
gical suite. The dog was induced with acepromazine
0.1 mg/kg IM once and sodium thiopental 10 mg/kg
IV once preoperatively. A 20 G venous catheter
was placed for fluids (37◦, 5% dextrose) administra-
tion. The dog was intubated, ventilated, and main-
tained on isoflurane (1.0–1.75%). First, an 11 French
sheath and an 8F sheath were placed in the right
femoral vein and artery, respectively, using a femoral
cutdown.

Next, a 10F intracardiac echocardiographic catheter
(ACUSON, AcuNav Diagnostic Ultrasound Catheter,
Siemens Medical Solutions USA, Inc., Malvern, PA)
was inserted into the right atrium (RA) via the right
femoral vein. This ICE catheter was used to discern
atrial, mitral valve, and contiguous anatomy, ensure
firm/stable ablation electrode-valvular contact, and
permit direct, continuous observation of the electrode-

valvular interface before, during, and after RFA energy
applications.

Finally, the ablation catheter (Thermocool, 4 mm,
irrigated ablation electrode, Biosense Webster, Inc.,
Diamond Bar, CA) was placed into the left ven-
tricle retrograde across the aortic valve via the
right femoral artery. The catheter was then placed
in contact with the anterior mitral valve leaflet.
RFA was selectively delivered to the anterior mi-
tral valve leaflet until structural and/or functional al-
teration of the leaflet was demonstrated via intra-
cardiac echo. Attempts were made to limit RFA to the
anterior leaflet as the posterior leaflet served as the un-
ablated control. For each ablation, power was titrated
to achieve ablation electrode temperature of 40◦C for
60 seconds.

The animals were anesthetized for the entire pro-
cedure, which took approximately 3–4 hours to com-
plete. The surgeries were completed under aseptic con-
ditions. Post surgery, the animals were placed on a
circulating water heating pad until recovery. They re-
ceived antibiotics and analgesia. Dogs were allowed
to recover from surgery for 1 week prior to further
study. Weekly thereafter the dogs underwent transtho-
racic echocardiograms to assess mitral valve structure
and function.

Results

Acute Ex Vivo. Figure 1 depicts the effects ex
vivo application of RFA had upon canine anterior mi-
tral valve leaflets and chordae. These images demon-
strate blanching and shortening that was characteristic
of RFA applied to leaflet only. A similar blanching and
shortening was noted when RFA was applied to the
chordae.

Acute In Vivo. Table 1 reports the screening
echocardiograms of beagles aged greater than 4 years
with systolic murmurs ultimately having MVP caus-
ing severe MR. Three canines found to have anterior
leaflet (n = 1), posterior leaflet (n = 1), and bileaflet
MVP prolapse (n = 1) causing severe MR with a mean
ejection fraction of 66 ± 3% ( ± SD) underwent direct
RFA. Sixty-seven percent of the animals (n = 2) had
visually confirmed torn chordae.

Table 2 reports the operative outcomes for the ani-
mals undergoing mitral valve leaflet and chordae RFA.
Each canine required an average of 4 ± 1.7 RFA appli-
cations with an average power of 15.8 ± 4.6 W for an
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Figure 1. Pre- and postradiofrequency ablation
of ex vivo canine anterior mitral leaflet. The
top image depicts a native canine anterior mi-
tral leaflet and chordae. The bottom left image
is status-post the application of 15 seconds irri-
gated RFA (20 W) to the leaflet only. The bottom
right image is status-post the application of an
additional 5 seconds irrigated RFA (20 W) to the
chordae associated with the anterior leaflet.

average duration of 39.4 ± 22 seconds. Experiments
1, 2, and 3 demonstrated a 43.7%, 44.4%, and 60.7%,
respectively, statistically significant (P = 0.039) reduc-
tion in postablation MR.

Figure 2 demonstrates the pre- and postablation
structure and function of the myxomatous mitral
valve in the first animal of the study. Transthoracic
echocardiograms performed before (Fig. 2A) and after
RFA (Fig. 2B) demonstrated a reduction in the degree
of MVP, MR (regurgitant volume was decreased from
59.3 cc to 33.4 cc), and chordal length (see insets of
Fig. 2).

Chronic In Vivo. Experiment 4 underwent 19 ap-
plications (60 seconds in duration) with an average
power of 69.5 ± 17.9 W (mean ± SD). Experiment
5 underwent 23 applications (60 seconds in dura-
tion) with an average power of 52.3 ± 14.0 W. Ex-
periment 6 underwent 23 applications (60 seconds
in duration) with an average power of 51.3 ± 26.9
W (mean ± SD). Of note, during the final applica-
tion of RFA Experiment 5 had ventricular tachycardia
when the electrode contacted the left ventricular endo-

Table 1. Echocardiograms of Beagles with Mitral Valve Prolapse
Causing Severe MR

EF Leaflets PV Flow Torn
(%) Prolapsed MR Reversal Chordae

Experiment 1 72 Anterior Severe N/A Yes
Experiment 2 65 Posterior Severe N/A No
Experiment 3 62 Bileaflet Severe Yes Yes

cardium. The VT terminated immediately on cessation
of ablation. There were no other complications during
ablations.

Figure 3 depicts the animal preparation used for
ICE-guided ablation of mitral valve anterior leaflets.
To guide mitral valve ablation, the ICE catheter was
placed in the right atrium and positioned to give a
modified three-chamber view. The pre- and post-RFA
images illustrate the typical change in anterior leaflet
morphology after energy application was completed.
The anterior leaflet thickened and its motion limited
compared to preablation morphology.

Table 3 reports the baseline and subsequent transtho-
racic echocardiograms of the animals undergoing
percutaneous ablation. All animals had structurally
normal-appearing mitral valves and two of three an-
imals had no MR prior to ablation. One animal had
trivial MR prior to ablation. All animals experienced
a minor increase in MR, which peaked in weeks 1–3,
and anterior mitral leaflet thickening, which persisted
the entire 5-week follow-up. There was no evidence
of inadvertent chordal damage during the ablations
or follow-up. Figure 4 shows the chronic echocar-
diographic changes after percutaneous anterior mitral
leaflet ablation in Experiment 6. The baseline and sub-
sequent echocardiograms depict the typical changes
found before and after RFA. One can see thickening of
the entire anterior leaflet, pronounced at the base and
tip of the leaflet, which persists throughout the entire
follow-up.

The transthoracic apical four-chamber echocardio-
gram still frames were taken at baseline and weekly
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Table 2. Operative Findings of Animals Undergoing Open Acute Mitral Valve Leaflet and Chordal RFA

Average
Percent Average Duration

Preablation Postablation Change Number Power of of Ablations
Regurgitant Regurgitant in MR of Ablations (mean ± SD
Volume (cc) Volume (cc) Postablation Ablations (mean ± SD W) second)

Experiment 1 59.3 33.4 −43.7 3 12.2 ± 1.4W 50 ± 10
Experiment 2 70.0 38.9 −44.4 3 16.9 ± 3.1W 50 ± 10
Experiment 3 102.5 40.3 −60.7 6 16.9 ± 1.4W 28.8 ± 9.7

thereafter for 5 weeks. The baseline echo demon-
strates a typical baseline mitral valve morphology. The
subsequent echocardiograms depict the typical
changes found after RFA. One can see thickening of
the entire anterior leaflet, pronounced at the base and
tip of the leaflet, which persists throughout the entire
follow-up.

Histopathologic changes in mitral leaflets of these
dogs were examined immediately postmortem (Fig. 5).
Affected valves showed small areas of coagulation
necrosis (consistent with RFA injury), labeled by ar-
rows A, and surrounding fibroblastic proliferation, la-
beled by arrows B, as a feature of tissue repair.

Discussion

Acute ex vivo study of mitral valve leaflet and
chordae demonstrated a qualitative decrease in mitral
leaflet surface area, increase in rigidity, and chordal
shortening. In a naturally occurring canine model of
myxomatous MVP, three animals found to have an-
terior leaflet (n = 1), posterior leaflet (n = 1), and
bileaflet MVP prolapse (n = 1) causing severe MR
with a preserved ejection fractions underwent direct
RFA. The pre- and postablation regurgitant volumes
ranged from 59.3–102.5 cc and 33.4–40.3 cc, respec-
tively, corresponding to a 43.7–60.7% statistically sig-
nificant (P = 0.039) reduction in postablation MR.

Figure 2. Pre- and postablation morphology and
structure of myxomatous mitral valve. Transtho-
racic echocardiograms performed before (2A) and
after RFA (2B) demonstrated a reduction in the de-
gree of MVP, MR, and chordal length (see insets).
This animal underwent three applications of RFA
at an average power of 12.2 ± 1.4 W for an average
of 50 ± 10 second each.

These data suggest that myxomatous mitral valve re-
pair using radiofrequency energy delivered via catheter
may be feasible. Finally, further investigation was per-
formed to evaluate whether such a technique could
be adapted to a percutaneous, closed chest, beating
heart environment. ICE-guided anterior mitral leaflet
ablation was performed percutaneously in normal ca-
nines. The chronic, in vivo, percutaneous application
of RFA was found to be feasible and the engendered
alterations durable. This report adds to the body of
knowledge about RFA because it is the first report to
study chronic, albeit only 6 weeks, echocardiographic
and histopathologic effects of intracardiac RFA applied
to valve tissue.

Canine Model of Myxomatous MVP. There is
a prevalence of MVP in canines that increases with
age.14–16 Most importantly, a majority of dogs develop
myxomatous mitral valve disease that is very simi-
lar macroscopically and microscopically to primary
MVP in humans.15 The similarity of the canine disease
process thus makes translation of this therapy in the
human model of myxomatous MVP relatively straight-
forward.

Pathophysiology of MVP. MVP due to myx-
omatous disease causing severe MR is thought to
be due to a variety of mechanisms: (1) weak-
ening of the central fibrous core of both the
leaflets and chordae,17 (2) increased surface area and
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Figure 3. ICE-guided percutaneous ablation of mitral valve anterior
leaflet. To guide mitral valve ablation, ICE catheter was placed in the
right atrium and positioned to give a modified three-chamber view.
The left atrium is a 12 o’clock, the left ventricle is directly inferior
to the left atrium, and the ablation catheter is advanced retrograde
across the aortic valve and positioned adjacent to the anterior leaflet
of the mitral valve. The top image depicts the mitral valve prior to
RFA and the bottom image depicts the mitral valve following RFA.
One notes the obvious thickening found post-RFA.

decreased density of the leaflets,18 and (3) decreased
strength and increased extensibility of the chordae.19

Therefore, percutaneous repair of a regurgitant valve
in the setting of MVP should consist of increasing the
rigidity of the valve leaflet itself, decreasing the surface
area of the valve leaflet, and decreasing the length of
redundant chordae.

Radiofrequency energy produces cell damage by
heating the tissue and causing coagulative necrosis
(cell death). These areas of cell death will eventually
be replaced with fibrosis (scar tissue).20–22 As one in-
creases the energy applied to tissue, one will see an
increase in the coagulation area and an increase in
thermal damage.21 Though this technique has not been
studied on heart valves one can infer that similar cellu-

Table 3. Echocardiographic Findings of Animals Undergoing Percutaneous Chronic Mitral Valve Leaflet and Chordal RFA

Week 1 Week 2 Week 3 Week 4 Week 5
Pre-RFA Mitral
Regurgitation Leaflet Leaflet Leaflet Leaflet Leaflet

(MR) MR Thickening MR Thickening MR Thickening MR Thickening MR Thickening

Experiment 4 None 1+ Yes 1+ Yes 1+ Yes Triv Yes Triv Yes
Experiment 5 None Triv Yes No No Triv Yes Triv Yes Triv Yes
Experiment 6 Triv 1+ No Triv Yes 1+ Yes 1+ Yes Triv Yes

lar changes may occur when this energy is applied to
cardiac valves. Interestingly, this technique has been
used in oral surgery to stiffen the palate to prevent
snoring.23 It has been speculated that RFA may cause
direct valve tissue injury in patients undergoing abla-
tion of accessory pathways.24 In fact, Wolfsohn et al.20

found that when they accidentally applied energy to
one of the valves of the heart they caused a fibrous
scar. Another group25 found pathologic changes in the
tricuspid valve when AV node or His bundle ablation
was attempted in dogs. These changes included edema,
swelling of the spongiosa, degenerative change of col-
lagen fibers, endocardial thickening, and slight fibrosis
and destruction of the valvular tissue. Additionally,
collagen in heart tissue denatures (breaks down) and
contracts when heated to >65◦ Celsius.26 In fact, the
chordae tendinae contract when heated to >65◦ Cel-
sius.26 This contraction of heart tissue has also been
noted by another group.22

The acute (1–7 days) effects of RFA (50–300 J) in-
clude a lesion that is round-oval in shape, centrally
pale with varying amounts of a hemorrhagic rim.27

Occasionally, there is a mural thrombus over the le-
sion (∼20% occurrence). There is central coagulation
necrosis, peripheral contraction band necrosis, and in-
terstitial edema and fibrinous material on the endo-
cardium.25 During days 3–7, one observes a rim of
granulation tissue composed of proliferating capillar-
ies and fibroblasts admixed with acute and mononu-
clear inflammatory cells.27 Finally, the chronic effects
are usually evident at 4–6 weeks after RFA. Chronic
lesions are round-oval to irregular in shape, well-
circumscribed, and fibrotic.27 The acute edema has
almost disappeared and there are almost mature colla-
gen fibers and a mild increase in elastic fibers.25 Much
of these pathological observations were made in dog
models; however, Huang et al.27 found that dog tissue
damage was very similar to the tissue damage found in
postmortem humans.

Understanding the effects of RFA on cardiac struc-
tures as demonstrated in both animal and human
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Figure 4. Chronic echocardiographic
changes after percutaneous anterior
mitral leaflet ablation. The transthoracic
apical four-chamber echocardiogram still
frames were taken at baseline and weekly
thereafter for 5 weeks. The baseline
echo demonstrates a typical baseline
mitral valve morphology. The subsequent
echocardiograms depict the typical changes
found after RFA. One can see thickening
of the entire anterior leaflet, pronounced
at the base and tip of the leaflet, which
persists throughout the entire follow-up.

studies, this study adds to the body of knowledge about
the effect of RFA on cardiac valvular tissue. The mitral
valve tissue 5 weeks post-RFA in this study showed
small areas of coagulation necrosis and surrounding
fibroblastic proliferation as a feature of tissue repair.
These findings are consistent with prior work on non-
valvular intracardiac tissue.

Figure 5. Histopathologic changes in mi-
tral leaflets after radiofrequency ablation.
Affected valves show small areas of coag-
ulation necrosis (consistent with RFA in-
jury), labeled by arrows A, and surrounding
fibroblastic proliferation, labeled by arrows
B, as a feature of tissue repair.

Limitations. There are several limitations to this
technique. First, the chronic effects (>6 weeks) of
RFA on cardiac valve tissue are unknown. It is pos-
sible that the engendered alterations effected by RFA
lead to valve fragility/instability. Second, the percu-
taneous application of RFA did not demonstrate the
utility of ablation in treating MVP. Though we show
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that RFA treatment can be successful when applied us-
ing an open surgical method, we did not demonstrate
this for the percutaneous method; we applied RFA to
normal mitral valves. In order to limit the number of
animals used in the percutaneous method, we (and our
Institutional Animal Care and Use Committee) felt that
RFA should be reliably applied to myxomatous mitral
valves by direct visualization in an open surgical prepa-
ration prior to assessing the feasibility of percutaneous
delivery of RFA to mitral valves. Finally, the great ves-
sel and cardiac anatomy of canines is different from
that of humans. It is not known if this technique could
be reproduced in the human model.

Conclusion

These data suggest that myxomatous mitral valve re-
pair using radiofrequency energy delivered via catheter
is feasible. Furthermore, percutaneous repair of a car-
diac valve using RFA may have additional advantages
in that (1) it preserves the supporting structures of the
valves (chordae tendinae), which have been shown to
be beneficial, (2) it does not require the permanent
placement of a foreign object into the human body and
thus minimizes the chance of infection and blood clot
formation, and (3) it may lead to improved patient tol-
erance, fewer complications, quicker recovery, and less
cost. This catheter-based approach may be expanded
to percutaneous applications in the future.
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