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Intentional Fracture of Bioprosthetic Valve
Frames in Patients Undergoing Valvein-Valve Transcatheter Pulmonary Valve
Replacement
See Editorial by Chhatriwalla and Sorajja
BACKGROUND: Percutaneous transcatheter pulmonary valve
replacement (TPVR) has good clinical and hemodynamic outcomes
in treating dysfunctional bioprosthetic valves (BPV) in the pulmonary
position. Valve-in-valve therapy can further decrease the inner diameter
(ID), potentially resulting in patient-prosthesis mismatch in patients with
smaller BPVs.
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METHODS AND RESULTS: To evaluate feasibility and outcomes of
intentional BPV fracture to enlarge the pulmonary valve orifice with
TPVR, 37 patients from 13 centers who underwent TPVR with intended
BPV fracture were evaluated. A control cohort (n=70) who underwent
valve-in-valve TPVR without attempted fracture was evaluated. BPV was
successfully fractured in 28 patients and stretched in 5 while fracture
was unsuccessful in 4. A Melody valve was implanted in 25 patients with
fractured/stretched frame and a Sapien (XT 3) valve in 8. Among patients
whose BPV was fractured/stretched, the final ID was a median of 2 mm
larger (0–6.5 mm) than the valve’s true ID. The narrowest diameter after
TPVR in controls was a median of 2 mm smaller (P<0.001) than true
ID. Right ventricular outflow tract gradient decreased from median 40
to 8 mm Hg in the fracture group. Cases with fracture/stretching were
matched 1:1 (weight, true ID) to controls. Post-TPVR peak gradient was
lower but not significant (8.3±5.2 versus 11.8±9.2 mm Hg; P=0.070).
There were no fracture-related adverse events.
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CONCLUSIONS: Preliminary experience shows intentional fracture of BPV
frame can be useful for achieving larger ID and better hemodynamics
after valve-in-valve TPVR.
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WHAT IS KNOWN
• Although percutaneous transcatheter pulmonary
valve replacement has yielded good clinical and
hemodynamic outcomes in treating dysfunctional
bioprosthetic valves, valve-in-valve therapy can
further decrease the internal diameter of the bioprosthetic valve, especially in smaller bioprosthetic
valves, thus leading to functional stenosis.

WHAT THE STUDY ADDS
• Intentional fracture of the bioprosthetic valve in
the pulmonary position can be a useful technique
to achieve larger internal diameter and better
hemodynamic result in valve-in-valve therapy.

S
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urgical pulmonary valve replacement (PVR) with
a bioprosthetic valve (BPV) is a common method
of treating postoperative right ventricular outflow
tract (RVOT) dysfunction in patients with repaired congenital heart disease.1–3 Many types of BPV have been
used off-label for PVR, most of which are indicated for
aortic valve replacement and comprise a valve mounted
within a rigid frame. Inevitably, BPVs implanted in the
pulmonary position develop structural deterioration that
can result in stenosis or regurgitation, with pathological
changes that can include calcification, thickening, pannus, thrombus, tears, and inflammation associated with
endocarditis.4–6 Various risk factors for BPV dysfunction
have been reported.7–13 Surgical replacement has been
the standard for managing pulmonary BPV failure but
entails an important risk of morbidity and mortality,
particularly with increasing number of prior open heart
procedures.14
With the introduction of transcatheter valve technology, percutaneous valve-in-valve (VIV) replacement
within a dysfunctional BPV has emerged as an attractive
alternative to surgery, and early results have been encouraging.15–17 However, although homograft and xenograft
conduits can often be expanded beyond their nominal
diameter, even if contracted and calciﬁed,18 transcatheter VIV placement is limited by the internal diameter
of the rigid-frame BPV. In general, a BPV is composed
of 4 components: a tissue valve, a single or multipart
supporting framework composed of metal or plastic
that is typically preformed into a complex 3-dimensional
shape, a sewing ring, and a polymer cloth covering. The
labeled nominal size of a BPV device typically refers to
the outer diameter of the stent/supporting framework,
whereas the true inner diameter (ID) is generally 2 to
5 mm smaller, depending on the manufacturer and
make.19 Placement of a percutaneous valve within the
BPV further narrows the lumen of these valves and limits
the ultimate effective orifice size and potential gradient
reduction, which can be a limiting factor in patients with

a relatively small BPV or who have undergone prior VIV
transcatheter PVR (TPVR).15–18
Historically, surgical PVR was the only reasonable
treatment option if the internal diameter of the VIV was
too small. However, intentional fracture of the surgical
BPV frame using ultrahigh-pressure balloons has been
reported as a means of facilitating further expansion of
the valve in the aortic, pulmonary, and tricuspid positions.20–23 To date, there have been few systematic studies of this practice, and none focused on intentional
frame fracture to optimize hemodynamic outcomes
of VIV in right-sided BPVs. Therefore, we undertook
this multicenter study in an effort to identify patientrelated, valve-related, or technical factors associated
with outcomes of attempted frame fracture in patients
undergoing VIV within a BPV in the pulmonary position.

METHODS
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of reproducing the results or replicating the procedure.

Patients
All patients who underwent percutaneous catheterization
for intended TPVR within a previously placed surgical BPV in
the pulmonary position at 13 participating institutions were
reviewed. Those in whom frame fracture was attempted were
analyzed for this study. Patients who underwent TPVR after
dilation of a BPV using an ultrahigh-pressure balloon (Atlas,
Atlas Gold, Vida, or True, Bard Peripheral Vascular, Inc, Tempe,
AZ) without the express intent to fracture the valve frame
were not included, and there were no reported cases of unintended fracture. Written informed consent was obtained for
clinical catheterization and TPVR. Institutional review board
approval for retrospective data collection and analysis was
obtained at each of the participating centers.
Precatheterization data included demographic, diagnostic,
and historical information. BPV type was abstracted from the
medical record, and the sizes (nominal, stent ID, and true ID)
were recorded from published manufacturer data. BPV types
included Perimount, Perimount 2700, Magna, and CarpentierEdwards Standard (Edwards Lifesciences, Irvine, CA), Mosaic
(Medtronic Inc, Minneapolis, MN), Epic Supra and Trifecta
(St. Jude Medical, Minneapolis, MN), and MitroFlow (Sorin
Group, Plymouth, MN). In the sizes studied, the stent ID of
these valves is 0 to 4 mm smaller than the nominal diameter
and the reported true ID ranges from 2 to 4.5 mm smaller
than the nominal diameter. Acute postimplantation hemodynamic data and final valve diameter were recorded. Peak
and mean Doppler RVOT gradient were collected immediately
post-procedure and at most recent follow-up, and any followup chest radiograms or computed tomography studies were
reviewed.

TPVR Procedure
TPVR was performed after general techniques that have
been well described.6–8 Specific technical measures, including
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selection of balloon type, size, and inflation pressure, were at
the discretion of the implanting physician. Procedural details
were abstracted from the cardiac catheterization report and
images, including type, size (diameter and length), and maximum inflated pressure of the balloon used to attempt frame
fracture, placement of a pre-stent before VIV, attempted
frame fracture before or after VIV, and narrowest valve diameter at baseline and after intervention. Minimum inner valve
diameter at baseline was measured as the diameter of the
first balloon waist, and postintervention diameter was measured as the ID of the TPV stent (inner edge to inner edge) at
the narrowest point. Differences between diameters (balloon,
pre- and postimplant measured, and published stent ID and
true ID) were calculated. To standardize assessment across
BPV types and sizes, and to allow comparison according to
diagnostic and technical factors (eg, valve types, pre-stenting
or post-dilation performed versus not performed, etc), the
difference between final diameter and reported true ID was
compared between groups. The location of the frame fracture was assessed relative to curvature of the RVOT, the commissural posts of the BPV, and the lap weld in cases with a
radio-opaque metallic frame.

Control Cohort
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We also collected limited demographic, procedural, and valverelated data for patients who underwent VIV TPVR without
frame fracture at 4 of the participating centers, including various types of BPV with labeled sizes ranging from 19 to 29 mm.
The purpose of this control cohort was both to document
internal diameters typically achieved after VIV TPVR, which
have not been reported previously, and to provide a descriptive and statistical comparison group for patients in whom
VIV TPVR was performed with intentional BPV ring fracture.
Controls were also matched 1:1 on weight and BPV true ID
for comparison of final post-TPVR diameter and gradients.

Data Analysis
Categorical data were presented as frequency (%), and continuous data were presented as median (minimum-maximum). Paired t test analysis was used to compare continuous
data before and after intervention within patients, and the
Wilcoxon signed-rank test and Fisher exact test were used
to compare continuous and categorical variables between
groups. Statistical significance was defined as P<0.05.

RESULTS
Patients and Outcomes
A total of 37 patients with a dysfunctional pulmonary
valve BPV who underwent percutaneous VIV implant
had attempted frame fracture, as summarized in
Table 1. The underlying diagnosis was a variant of tetralogy of Fallot in 25 patients, valvar pulmonary stenosis in
4, and other in 8. The frame was successfully fractured
in 28 of these patients (Figures 1–4; Movies I and II in
the Data Supplement) and was successfully stretched
but not fractured in 5 others (Figure 5) while attempted
frame fracture was unsuccessful in 4. The 5 patients in

whom the ring was stretched had either a Perimount
2700 (n=4) or Carpentier-Edwards Standard (n=1) BPV,
which have rigid metal frames comprising commissural
posts and a base but not a full circumferential ring
(Figure 5). In 2 of the patients with a Perimount 2700
that was stretched, there was an existing in situ fracture of the frame that was enlarged (Figures I and II in
the Data Supplement). The control cohort comprised
70 patients who underwent VIV TPVR without intended
frame fracture, with a nominal BPV diameter ≤23 mm
in 42, 25 to 27 mm in 24, and 29 mm in 5.
In the 33 patients who underwent frame fracture
or stretching, VIV TPVR was performed with a Melody
valve (Medtronic Inc, Minneapolis, MN) in 24 and
a Sapien XT or Sapien 3 valve (Edwards Lifesciences,
Irvine, CA) in 8. One of the 28 patients who underwent
successful frame fracture did not receive a transcatheter valve (discussed below). Seventeen of the patients
in whom the frame was fractured or stretched had a
bare metal pre-stent placed, 6 before and 11 after the
frame was fractured.
The diameter of the balloon used to fracture the
frame was at least 1 mm larger than the stent ID in all of
the patients who underwent successful frame fracture,
and in all but 3, it was at least 2 mm larger (median 2
mm). In contrast, of the 56 control patients in whom
an ultrahigh-pressure balloon was used for pre- or
post-dilation, the balloon was ≥1 mm larger than the
stent ID in only 4 and ≥2 mm in 2, and in most cases
was smaller (median −0.5 mm; P<0.001 versus fracture
patients). Among patients who underwent successful
frame fracture, the median balloon inflation pressure at
the time of fracture was 18 atm (12–26) and was >14
atm in 25 (89%) but varied among BPV types (Table 2).
In 3 of the 4 control patients with a balloon size ≥1
mm larger than the stent ID, the maximum inflation
pressure was ≤14 atm and in 1 was not reported but
appeared to be relatively low on the stored fluoroscopy
image. In the single case where fracture occurred at an
inflation pressure of 12 atm, the balloon was 4 mm
larger than the stent ID.
In all patients who underwent successful frame fracture or stretching, the postintervention minimum valve
diameter was larger than (n=30) or the same size as
(n=3) the manufacturer reported true ID, by a median
of 2 mm (0–6.5 mm; Table 1; Figure 6). This differed
significantly from control patients with an unfractured
BPV (n=70), in whom the narrowest ID after TPVR was
a median of 2 mm smaller (P<0.001) than the reported
true ID (1.4 mm smaller in the 42 control patients with
labeled BPV size ≤23 mm; P<0.001), with some variation depending on the type of valve (Figure 6). Among
fractured or stretched valves, the final diameter−true ID
difference did not seem to differ between TPV or BPV
valve types or according to technical factors such as performance of pre-stenting or post-dilation. The median
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Table 1.

Summary of Patient-Related, Valve-Related, and Procedural Variables in Patients Undergoing TPVR With Attempted BPV Frame Fracture
Frame Stretched But
Not Fractured n=5

Attempted Frame Fracture
Unsuccessful n=4

15.5 (8 to 66)

25.7 (15 to 37)

21.5 (11 to 42)

6 (3 to 16)

10.2 (4.7 to 16)

6.5 (3 to 11.5)

 Perimount

15

…

1

 Perimount 2700

…

4

…

 Carpentier-Edwards Standard

1

1

…

 Magna or Magna Ease

4

…

…

Variable
Patient age, y*
Duration from BPV implant to VIV, y*

Successful Frame
Fracture n=28

BPV type

 Mosaic

2

…

1

 Trifecta

…

…

2

 Epic or Epic Supra

5

…

…

 MitroFlow

1

…

…

5

…

1

 21

5

2

…

 23

17

3

2

 25

…

…

1

 27

1

…

…

BPV diameter (nominal), mm
 19

Balloon type
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 Atlas Gold

19

2

4

 Atlas

4

…

…

 Vida

5

3

…

 20

6

…

…

 22

5

2

3

 24

16

1

…

 26

1

2

1

15

3

1

Balloon diameter, mm

Balloon length, cm
 2
 4

14

2

3

Minimum inner BPV diameter at baseline, mm*

17 (13 to 22)

17 (16.2 to 21)

17.9 (16 to18.6)

Difference of true ID−preintervention minimum diameter, mm*

1.0 (−1 to 10)

2.6 (0 to 3.8)

2.2 (0 to 3.3)

3 (1 to 5.5)
2 (1 to 4)

6 (1 to 7)
3 (0 to 6)

3.5 (1 to 6)
2.3 (0 to 5)

13

3

4

 Before attempted fracture

8

…

…

 After attempted fracture

7

2

…

Difference of balloon diameter−true ID, mm*
Difference of balloon diameter−stent ID, mm*
Pre-stent implanted
 No

Valve implanted before attempted fracture
Minimum diameter after TPVR, mm*
Difference of post-TPVR diameter−true ID, mm*

7

…

1

22 (18.0 to 24.7)

22 (19 to 25.5)

20 (19 to 23)

2 (0 to 5)

2 (0 to 6.5)

−0.1 (−1.5 to 0)*

40 (18 to 105)

41 (15 to 69)

25 (15 to 30)

RVOT gradient, mm Hg
 Preintervention peak gradient*
 Final postintervention peak gradient*

8 (0 to 24)

3 (0 to 13)

14 (2 to 20)

 Discharge Doppler maximum gradient*

20 (0 to 42)

29 (15 to 44)

29 (15 to 50)

BPV indicates bioprosthetic valve; ID, internal diameter; RVOT, right ventricular outflow tract; TPVR, transcatheter pulmonary valve replacement; and VIV, valve-in-valve.
*For continuous variables, data are presented as median (min, max).
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Figure 1. These images are of a 23-mm Edwards Magna valve, which has a similar radiographic appearance to the Perimount bioprosthetic valve.
A 23-mm Edwards Magna valve (A) before ultrahigh-pressure dilation, (B) after dilation with a 24-mm Vida balloon to 16 atm and fracture of the frame, and (C)
after implantation of a 26-mm Sapien 3 valve. Note that the separation at the point of fracture in the frame, which occurred at the site of the lap weld (as seen in
A) is larger after implantation of the valve (C, red arrow) than after fracture and balloon deflation (B, red arrow).

peak gradient after TPVR was 8 mm Hg (0–24) in fracture patients and 3 mm Hg (0–13) in those whose frame
was stretched (Table 1). When cases with successful fracture or stretching were matched 1:1 by weight and true
ID to controls, the post-TPVR peak gradient was lower

but did not reach significance (8.3±5.2 versus 11.8±9.2
mm Hg; P=0.070) despite a higher preintervention gradient (43.0±17.9 versus 34.2±20.1 mm Hg; P=0.072).
Of the 25 successfully fractured BPVs that had a
radio-opaque metallic frame with a visible lap weld

Downloaded from http://ahajournals.org by on September 29, 2018
Figure 2. These fluoroscopic images are from a patient who underwent fracture of a 23-mm Magna bioprosthetic valve, followed by valve-in-valve
transcatheter pulmonary valve replacement with a Sapien 3 valve.
A, This preintervention image shows the radio-opaque Elgiloy alloy frame/band, with the lap weld indicated by the arrow. B, After fracture of the ring using a 24
mm×4 cm Vida balloon inflated to 15 atm, there is a clear separation in the Elgiloy band at the site of the lap weld (arrow). C, The valve was further dilated with a
26 mm×2 cm balloon, (D) after which the separation of the fractured frame edges was wider (arrow). C, Note that the posterior wire band stretched beyond the
fractured frame (arrow), and the posterior commissural posts (p) on either side of the fracture were substantially splayed and shortened (compare to A).
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Figure 3. These fluoroscopic images from the lateral projection show the faintly visible ring of a 21-mm Epic Supra valve, which fractured with
inflation of a 22-mm diameter 2-cm long Atlas balloon to 14 atm of pressure.
The anteriorly located lap weld (arrow in A) is the location of the fracture, as indicated by the arrows in (B) and (C). The degree of separation of the fractured
edges seems similar after balloon deflation as with the balloon inflated.
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(valves other than Mosaic or MitroFlow), the fracture
appeared as separation at the site of the lap weld in
16 while in the other 9 cases the location was either
at another site in the frame or not characterized
(Figures 1–3). The fracture was reportedly along the
inner (lesser) curvature of the RVOT in 14 cases, the
outer curvature in 5, and the side in 2 (3 not visible).
The length of the separation between fractured edges
and recoil (narrowing of the separation) after deflation
of the balloon was not measured systematically, but
some variability was seen, as depicted and described
in Figures 1 to 3. In the patient with a MitroFlow valve,
which has a radio-lucent plastic frame and a radioopaque tungsten-impregnated silicone sewing ring,
the radio-lucent frame clearly fractured during balloon
inflation (Movie II in the Data Supplement; Figure 4). In
all 5 of the stretched valves, conformational changes of
the basal-commissural frame were visualized (Figure 5;
Figures I and II in the Data Supplement).

and during advancement of the Melody valve delivery
system, the stent was dislodged and embolized into the
main pulmonary artery, so the decision was made to

Unsuccessful Frame Fracture
Attempted fracture was unsuccessful, and not associated with stretching, in 4 patients, all of whom underwent TPVR with a Melody valve before (n=1) or after
(n=3) attempted frame fracture. Reasons identified
or postulated as potential contributors to unsuccessful fracture included resistant valve type (Trifecta) in 2
patients, relatively small balloon size (22 mm balloon in
23 mm valve, balloon diameter equal to stent ID) in 1,
and inability to stabilize a large and short balloon across
the frame in 1 (26 mm×2 cm Atlas Gold balloon use to
dilate a 25 mm Mosaic valve in an angled RVOT, with
attempted fracture after distal malposition of a Melody
valve and residual stenosis).

Adverse Events
In 1 patient who underwent successful fracture of a 23
mm Perimount BPV frame with a 24 mm Atlas Gold balloon, a pre-stent was implanted on a 22 mm balloon,

Figure 4. Fracturing a Mitroflow valve.
These pulmonary artery angiograms demonstrate enlargement of the bioprosthetic valve frame of a 22-mm MitroFlow valve (top) before intervention and
(bottom) after fracture of the radio-lucent frame with a 22-mm Vida balloon
inflated to 15 atm. This is the same valve shown in Movie II in the Data
Supplement. The fracture of the radioi-lucent plastic frame is not visible, and
there is no clear fracture of the elastic radio-opaque tungsten-impregnated
silicone sewing ring, as it is in some other valves.
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Figure 5. This sequence of fluoroscopy and angiographic images depicts stretching of the basal-commissural frame of a 23-mm Perimount 2700
bioprosthetic valve (BPV) with a 24-mm Atlas Gold balloon.
A, At baseline, the intercommissural portion of the valve frame has an upward concave curve (red arrow), (B) which flattens markedly with inflation of the
ultrahigh-pressure balloon, which effectively results in stretching and elongation of the BPV circumference. Similar to the wire frame in Figure 1, the commissural
posts are also splayed outward and widened (*). C, The persistently flattened frame can be seen through the Melody valve stent (arrow).
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refer the patient for surgical removal of the stent and
valve replacement. A primary contributing factor to
the dislodgment was that the pre-stent was implanted
distally within the BPV with extension to but not completely across the frame/sewing ring proximally.
There were no other valve- or intervention-related
procedural or early adverse events. One patient developed a retroperitoneal hematoma requiring hospitalization and blood transfusion, with no evidence of
active bleeding from TPVR vascular access sites identified, and 1 patient had a postcatheterization brachial
plexus injury.

Follow-Up
Patients who underwent successful frame fracture or
stretching were followed for a median of 3 months
(0.1–53 months) after TPVR. During that time, there
were no reinterventions on the pulmonary valve and no
reported valve-related complications. Ten patients had
postdischarge chest radiography or fluoroscopy, which
Table 2.

did not reveal any stent fracture or change in TPV configuration/location. No patients underwent follow-up
chest computed tomography.

DISCUSSION
Intentional Frame Fracture in Patients
Undergoing Pulmonary VIV for BPV
Dysfunction
In this multicenter series, BPV frame fracture was successfully achieved in 27 of 36 patients in whom it was
attempted in conjunction with VIV TPVR, and the frame
was successfully stretched in 5 of the other 9 patients.
Among patients in whom the valve frame was successfully fractured or stretched, the final ID was a median
of 2 mm larger (0–6.5 mm) than the reported true ID
for the valve in question, which stood in clear contrast
to control patients with an unfractured BPV, in whom
the final diameter was a median of 2 mm smaller
than the true ID. These findings indicate a substantial

Details of 28 Successful Frame Fracture Cases Stratified by Valve Type and Size

Valve Type
Perimount/Magna†

CE Standard
Mosaic
MitroFlow
Epic

Epic Supra

Valve Size, mm
Labeled/Stent ID/
True ID

No. of
Patients

Patient
Weight,* kg

Fracturing Balloon
Diameter,* mm

Balloon Pressure
at Frame
Fracture,* atm

Initial Balloon
Waist,*
mm

Final Inner
Diameter,* mm

19/18/17

5

23.5–69

20

20–22

15–18

19–22

21/20/19

3

29–75

22–24

15–18

17–20

21.2–22

23/22/21

11

58–140

24–26

12–23

16–22

20–24.7

27/25/23

1

87

24

26

13

24

23/20.5/18.5

2

55–59

24

15–20

18–19.2

19.9–22
21

23/19/19

1

96

22

14

13

21/19/16.5

1

49

20

20

14

18

23/21/18.5

2

50–77

22

16

16–17

20.5–22

21/21/18.5

1

25

22

14

14.5

20

23/23/20.5

1

79

22

15

14.8

20.5

ID indicates internal diameter.
*Data presented as minimum-maximum.
†Includes Magna Ease.
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Figure 6. This scatterplot demonstrates the relationship between
reported true internal diameter (ID) and the difference between final
post–transcatheter pulmonary valve replacement diameter and true
ID (positive indicated final diameter >true ID; negative indicates final
diameter <true ID) for 70 unfractured control valves and valves with a
successfully fractured or stretched frame.
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benefit from frame fracture, similar to what has been
achieved in the aortic position21,22 or with intentional
fracture of balloon expandable stents in the pulmonary circulation.24,25 In most cases, the valve frame was
fractured before TPVR and expanded to the maximum
recommended diameter of the transcatheter valve, so
the magnitude of gradient reduction resulting from
the fracture was not observed directly. The absolute
increase in BPV diameter varied from case to case, and
it is unclear whether this was primarily a function of
the maximum balloon size chosen or whether there are
intrinsic or environmental factors that limited the extent
of expansion to different degrees in different cases.
In several older BPV types that had wire a frame
comprising commissural posts and a base but without a rigid circumferential ring (ie, Perimount 2700,
Carpentier-Edwards Standard), the effective orifice of
the valve was enlarged not by fracture per se but by
stretching the framework with ultrahigh-pressure balloon dilation. Two of those valves had developed a
spontaneous fatigue fracture of the wire frame in situ,
which facilitated stretching similar to the valves treated
with intentional overload fracture. These cases were
included in this report because the intent was to fracture/expand the BPV beyond its implanted diameter and
that therapeutic objective was achieved, and because
we felt it was important to document that those specific BPV types may be expanded even if not fractured.
In contrast to frame fracture, there was no threshold

inflation pressure at which expansion occurred (ie, yield
point) as the stretch gradually expanded with progressively higher inflation pressure. Deformation/stretching
of the wire frame forming the commissural posts was
also observed in patients who underwent successful
fracture of the Elgiloy band of a Perimount or Magna
valve (Figure 2). The degree of expansion achieved in
the stretched valves was similar to those in which the
frame was fractured.
Deliberate fracture of a Perimount valve with an
ultrahigh-pressure balloon was first described by Tanase
et al,20 who performed preprocedure bench testing and
demonstrated loss of integrity of the Elgiloy band/frame
without destruction of the surrounding Dacron sewing
ring. With deflation, the elastic properties of Elgiloy
resulted in some recoil but with maintenance of the circular geometry. In 2 recent in vitro studies, investigators
attempted to fracture the frame of various new (ie, not
explanted) aortic BPVs, characterizing inflation pressures
required to reach the yield point and visual changes in
the BPV frames.26,27 They were able to fracture all of
the BPV types tested except the Trifecta and Hancock II
valves using ultrahigh-pressures balloons with a diameter 1 mm larger than the labeled valve size, and the
sewing cuff was never disrupted. Inflation pressures at
the point of fracture ranged from 8 to 24 atmospheres
depending on the surgical valve, and the fracture was
followed by an immediate drop in balloon pressure
and often an audible crack. Their finding that Mosaic
valves tended to fracture at lower pressures than other
BPV types was consistent with our observations in this
study and the clinical series described by Nielsen-Kudsk
et al.23 The same groups reported clinical series of 20
and 10 patients who underwent intentional frame fracture during VIV transcatheter aortic valve replacement
within small BPVs, either before or after valve implant,
which largely reflected the in vitro findings. In all cases,
frame fracture led to further expansion of the transcatheter valve and reduction in the gradient.22,23

Technical Considerations
Four of the attempted frame fractures in this series
were unsuccessful. Two of these were in Trifecta valves,
which Allen et al26 were also unable to fracture in their
in vitro study. Of the other 2 unsuccessful fracture
attempts, 1 was a complicated situation in which a 26
mm×2 cm balloon, which could not be stabilized across
the frame because of the large diameter-length ratio
of the balloon and the angled BPV implant location.
The other unsuccessful attempt used a balloon with a
diameter equal to the stent ID, which is smaller than
in any of the successful fracture cases. There were too
few unsuccessful cases to allow comparison of technical factors, other than valve type, that may have differed from the successful fracture cohort.
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The technical requirements for successful frame
fracture are likely to vary according to BPV type and
size, and possibly to other factors as well, including tissue remodeling within and around the valve, and the
geometry of the implant location. As in prior in vitro
and in vivo studies,22,23,26,27 the balloon size used to fracture the frame was usually 1 mm larger than the nominal valve size and ≈3 to 5 mm larger than the true ID.
In this series and the Chhatriwalla experience,22 slightly
smaller or larger balloons were also used successfully
in several cases, but the balloon was always at least 1
mm larger than the stent ID. In contrast, in the subset
of our control cohort who underwent pre-dilation of
the BPV or post-dilation after TPVR with an ultrahighpressure balloon, the balloon was typically smaller than
the stent ID. The inflation pressure required for frame
fracture varied somewhat according to valve type, with
most cases in the 16 to 20 atm range, but was as low
as 12 atm in 1 patient with a Perimount valve in whom
a balloon 4 mm larger than the stent ID was used, and
as high as 26 atm in the single patient who underwent
fracture of a CE Standard valve. Even in the same type
of BPV with similar balloon sizing, the inflation pressure at which fracture was achieved was not consistent. This could be because of imprecise recording of
the fracture pressure, variability in the strength of the
lap weld from valve to valve, or other factors related to
BPV-tissue interactions or geometry. In any event, there
are certain valve types that seem amenable to fracture,
and operators intending to fracture the frame of such
valves should recognize that both inflation pressure and
balloon size must be sufficient and can be adjusted to
achieve a successful result. As demonstrated in a computational study by Capelli et al,28 balloon diameter
relative to the stenosis (ie, the frame in this situation)
is a critical factor in applying force to the stenosis, and
larger balloon diameter allows application of the same
force with lower inflation pressure, as in the patient
mentioned above whose BPV was fractured with 12
atm inflation pressure.
Based on the observation that both 2 and 4 cm
long balloons were used to achieve fracture, balloon
length is not a critical factor for valves in the 19 to 23
mm labeled size range and should be selected based
on other factors, such as anatomic considerations or
technical advantages or disadvantages in a particular
situation. With larger BPV size and balloon diameter, a
shorter balloon may be less stable, as was the case in
one of the unsuccessful attempts in this series. However,
that case was also complicated by angled RVOT geometry, a factor that can interfere with balloon stability in
its own right. Although shorter balloons may be harder
to stabilize in some cases, they can be inflated more
rapidly and with less volume, which may be beneficial,
and they may be less prone to cause trauma to adjacent
structures. Thus, it may be prudent to consider shorter

length ultrahigh-pressure balloons as the first option
for intentional frame fracture, with addition of rapid
pacing or transition to a longer balloon if necessary to
achieve a stable balloon position.
As discussed previously, there remain several technical and therapeutic considerations that have not been
resolved, either in our experience or prior in vitro studies or clinical series of patients who underwent transcatheter VIV replacement within an aortic BPV.22,23,26,27
For example, the maximum expansion of a BPV that can
be achieved after frame fracture is unclear as are valve
related and environmental factors that may mitigate
enlargement of a fractured valve. Another issue that
is more pertinent when the frame is fractured before
valve implant than after is whether a pre-stent is necessary to resist intrinsic or in situ recoil of the fractured
frame. In some cases in this series, there was substantial separation between the fractured frame edges after
balloon deflation and additional sustained expansion
after expansion with a larger balloon (Figure 2) while
in others, the separation was initially more modest
(Figure 2). We were not able to measure this separation in all cases because of inconsistent imaging, but
the variety observed suggests that there are differential forces contributing to valve frame recoil after fracture. This was also observed in the cases in which a
spontaneously broken frame was expanded (Figure 5).
Accordingly, the importance of implanting a pre-stent
or a TPV with high radial strength likely varies as well.
Because a pre-stent occupies space within the BPV,
potentially infringing on the achievable orifice area, if it
is worthwhile to avoid pre-stenting it does not provide
any additional benefit, but if placing a stent allows sufficient additional resistance against recoil to enlarge the
valve more than the thickness of the stent, the trade-off
will be favorable. A majority of patients who underwent
TPVR with a Melody valve in this series had a prestent
implanted, either before or after frame fracture, but
we were unable to assess systematically whether the
presence or absence of a pre-stent affected the magnitude of ultimate frame enlargement or whether there
was important recoil after implanting the valve. Given
the limited data and the observations noted above, it
seems reasonable to recommend implanting a pre-stent
or high radial strength TPV if there is visible recoil of the
frame after fracture or if the separation of the fractured
edges is minimal or even smaller than at the point of
maximal balloon expansion, in an effort to optimize the
effective orifice area after TPVR.
As discussed in prior studies, when performing VIV
TPVR,15 or VIV implant in any position for that matter,29 it is essential to deploy the valve and any prestents across the basal valve frame/sewing ring. This is
highlighted by 2 of the cases in this series: in 1 case,
the Melody valve was implanted distal to the basal
ring, after which an unsuccessful attempt was made
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to fracture the BPV frame, and in another case, a prestent implanted after frame fracture did not span the
frame/sewing ring and embolized during advancement of the TPV delivery system. As demonstrated
in Figure III in the Data Supplement, the commissural
posts of a BPV can splay outward and are not a sufficient framework to hold a VIV implant stably without
extending the valve/stent across the basal BPV frame.
This is true regardless for VIV TPVR both with and
without frame fracture. Although the complications
mentioned above were not related to the fractured
frame, it is worth emphasizing that a pre-stent or valve
implanted after frame fracture should be delivered on
a sufficiently large balloon to account for expansion of
the fractured frame.

potential for coronary compression should be considered and evaluated before TPVR with adjunctive frame
fracture, as expanding the BPV may introduce the possibility of displacing surrounding tissues and compromising coronary flow.
We attempted to standardize valve size–related
outcomes across groups by calculating the difference
between final TPV ID and reported true ID. Although
we recognize that this metric was still subject to potential variability and confounding, and was not a perfect
method of indexing, we think it should have reduced
some of the intrinsic uncertainty in attempting to compare outcomes across BPV types and sizes.

Potential Caveats and Concerns

Intentional fracture of certain rigid-frame BPV devices
in the pulmonary position is feasible, allows greater
enlargement of the TPV compared with implant into
an unfractured BPV, and in this preliminary experience
was not associated with any direct complications.
Although additional data will be necessary to understand the applications and limitations of this adjunctive technique, it is reasonable to consider intentional
frame fracture as a means of further expanding the
diameter of transcatheter valves implanted within a
dysfunctional BPV. The impetus for fracturing the valve
frame in most of the patients in this series was related
to the fact that the BPV was smaller than ideal for
an adult, and placement of a TPV within the relatively
small BPV would result in further loss of orifice area.
Placement of a relatively small pulmonary BPV may be
inevitable when the valve is implanted at a young age,
but with the advent of transcatheter valve therapy and
VIV replacement, the question of what size surgical
valve to implant has assumed greater importance. For
most types of BPV, a minimum nominal size of 25 or
27 mm is necessary to ensure a good hemodynamic
result after VIV TPVR, and an even larger BPV may be
appropriate if the fit is acceptable. For pulmonary BPV
devices that are 25 mm or larger at implant, frame
fracture may not be necessary at the time of the initial
VIV TPVR, but if the transcatheter valve fails over time
and repeat VIV is an option, the largest starting point
would be ideal. Accordingly, BPV frame fracture may
be a useful adjunct not only for patients with a small
BPV but also in circumstances where patient-prosthesis mismatch occurs after VIV implant, and it is necessary to enlarge the original BPV to allow a second VIV
TPVR.

A natural concern about intentional frame fracture is
vascular injury or potential disruption of the interface
between the valve and tissue. A recent in vitro study did
not reveal any protruding frame edges after intentional
overload fracture of various BPV devices,27 but even
if the fractured edges did protrude, the intact sewing
frame should protect against vascular damage. As discussed in a recent editorial, potential mitigation of this
process because of valve-tissue interaction has not been
elucidated but may be an important consideration.30 As
far as disruption of the sewing ring-tissue interface, we
did not observe any cases of suspected rupture of paravalvular leak, and none of the previous reports of frame
fracture described such a complication. That is not to
say that such complications cannot occur, but it is reassuring that no instances have been reported.
One of the most significant concerns with the
Melody valve implanted into expandable RVOT conduits
has been stent fracture, but that complication has been
observed only rarely after TPVR into a BPV.15,16 The low
incidence of stent fracture after VIV TPVR suggests that
the structural framework present in most BPVs protects
the Melody valve from forces associated with cardiac
contraction and interaction with adjacent structure,
such as the aorta and chest wall.31 Fracturing the BPV
frame could potentially expose the TPV to some of the
external forces against which the rigid frame provided
protection. Although there were no stent fractures
during short-term follow-up in this study, longer-term
evaluation will be necessary to assess whether this is a
legitimate concern.
In patients undergoing catheterization for intended
TPVR, 5% of patients do not receive a Melody valve
because of risk of coronary artery compression.32 In
general, transcatheter valve implant into a BPV with an
intact sewing ring is less likely to result in that complication because of the fact that the size and profile
of the BPV does not change after TPVR. However, the
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