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Abstract
Aims: The valve-in-valve (ViV) procedure has become a valuable alternative for the treatment of failed sur-
gical bioprostheses (BP) in high-risk patients. However, in small BP, the clinical outcomes have been sub-
optimal due to high post-procedural gradients. We aimed to examine the effect of size and position of the 
self-expanding transcatheter heart valve (THV) CoreValve on the haemodynamics of ViV within small BP.

Methods and results: Sizes 23 and 26 mm of the CoreValve were implanted in sizes 19 and 21 mm 
of three BP models: Trifecta, Mitroflow and Epic Supra. The THV was tested in three positions – nor-
mal (manufacturer recommendation), low (4 mm below normal) and high (4 mm above normal) – using 
a pulse duplicator. Haemodynamics were assessed by Doppler echocardiography and flowmeter, and GOA 
with a high-speed camera. Higher implantation was associated with lower residual gradients (normal posi-
tion: –9%, high: –25% versus low). High position was, however, associated with increased risk of regurgi-
tation in the Mitroflow and embolisation in the Epic Supra. Using a 26 mm THV instead of a 23 mm was 
associated with larger EOAs in the Trifecta, smaller in the Mitroflow, and increased risk of embolisation 
in the Epic Supra.

Conclusions: Supra-annular positioning of the CoreValve THV is associated with improved post-ViV 
haemodynamics in small surgical BP. The haemodynamic outcomes are highly dependent on the model and 
size of surgical BP.
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Haemodynamics after ViV in small bioprostheses

Abbreviations
BP bioprostheses
EOA effective orifice area
GOA geometric orifice area
mTPG mean transvalvular pressure gradient
THV transcatheter heart valve
ViV valve-in-valve

Introduction
Nowadays, the vast majority of surgical aortic valve replacements 
are performed with bioprosthetic valves. However, the main limi-
tation of these valve substitutes is that they have limited durability 
and commonly fail within 10-15 years1,2. Patients with failed surgical 
bioprostheses (BP) are frequently at high surgical risk due to old age, 
comorbidities and the need for repeat surgery1. Transcatheter heart valve 
(THV) implantation within the failed aortic surgical BP, i.e., valve-in-
valve (ViV) procedure, provides a valuable, less invasive alternative 
to surgery for patients considered to be at high risk of reoperation2.

Surgical BP often have a small and non-elastic stent, which lim-
its the size of the THV that can be implanted for ViV3. As a result, 
severe prosthesis-prosthesis mismatch and elevated post-procedural 
gradients are common following aortic ViV, especially when per-
formed in small (≤21 mm) surgical BP4. These haemodynamic 
abnormalities have been associated with increased risk of mortality 
and worse functional capacity after ViV5. The position of the THV 
within the surgical BP may also influence haemodynamics and thus 
the clinical outcomes following ViV6,7. On the one hand, there is 
a large variety of designs, models and sizes of surgical BP; on the 
other hand, several models of THV (SAPIEN/SAPIEN XT/SAPIEN 
3 [Edwards Lifesciences, Irvine, CA, USA] and CoreValve®/
Evolut™ R/Evolut™ R Pro [Medtronic, Minneapolis, MN, USA]) 
are approved by the FDA for ViV and several other models of 
THV may soon become available for this procedure. Some stud-
ies have reported that THVs with a supra-annular design, such as 
the CoreValve, result in better haemodynamics following ViV com-
pared to other types of THV4,7. In vitro studies performed in pulse 
duplicators offer the opportunity of testing the multiple possible 
combinations of models, sizes, and positions of THVs within surgi-
cal BP using standardised haemodynamic conditions.

The objective of this in vitro study was to assess the effect of 
size and position of the self-expanding CoreValve THV on haemo-
dynamic function of the ViV procedure within small surgical BP.

Methods
IN VITRO CARDIOVASCULAR SIMULATION
The in vitro experiments of bioprosthetic valves and ViV assem-
blies were performed using a cardiovascular pulse duplicator that 
has been previously described8,9. More details are provided in 
Supplementary Appendix 1.

HAEMODYNAMIC CONDITIONS
For each BP and ViV assembly, eight physiological haemodynamic 
conditions were tested by varying the following cardiac parameters: 

heart rate (70 and 120 bpm), cardiac output (low flow: 3.1 L/min, 
normal flow: 4.3 L/min, high flow: 5.9 L/min), and mean aortic 
pressure (100 mmHg and 160 mmHg at normal flow).

TESTED BP AND ViV ASSEMBLIES
SURGICAL BP
We tested two sizes, i.e., 19 and 21 mm, of three different models 
of BP: Trifecta™ (St. Jude Medical, St. Paul, MN, USA), Mitroflow 
(Sorin [now LivaNova], Milan, Italy), and Epic™ Supra (St. Jude 
Medical) (Supplementary Table 1). All six tested BP had normal 
haemodynamic function and were tested alone on the pulse duplicator 
before ViV implantation in the previously described flow conditions 
(3 models×2 sizes×8 haemodynamic conditions=48 conditions).
ViV ASSEMBLIES
The THVs that were used for ViV in this study were the self-
expanding nitinol-made 23 mm CoreValve Evolut and the 
26 mm CoreValve (Supplementary Figure 1). The different ViV 
assemblies tested in this study are described in Supplementary 
Appendix 1. The degree of THV oversizing was defined as over-
sizing=100× (AreaTHV–IOABP)/IOABP, where AreaTHV is the area of 
the inflow portion of the CoreValve when fully deployed (4.12 cm2 
for CoreValve Evolut 23 mm and 4.95 cm2 for CoreValve 26 mm) 
and IOABP is the internal orifice area of the BP based on the true 
internal diameters provided in the literature3 (ViV application, 
Supplementary Table 1).
THV DEPTHS OF IMPLANTATION
For each ViV combination described above, the THV was 
implanted in three different implant depth positions relative to BP 
annulus, i.e., low (–8 mm), normal (–4 mm) and high (0 mm) 
(Figure 1), resulting in (3 models×3 size assemblies×3 depth posi-
tions=27 ViV assemblies, total of 27×8 haemodynamic condi-
tions=216 conditions) (Supplementary Appendix 1).

DATA ACQUISITION
AORTIC VALVE GRADIENTS AND EOAs BY DOPPLER 
ECHOCARDIOGRAPHY AND FLOWMETER
Continuous wave Doppler was performed across the aortic valve 
assemblies with a Vivid 7 ultrasound system (GE Healthcare, 
Waukesha, WI, USA) and a 1.4 to 3.3 MHz phased-array probe. 
The transprosthetic flow velocities were recorded and averaged 
over four cardiac cycles in each implantation/haemodynamic 
condition. Mean transvalvular pressure gradients (mTPG) were 
calculated using the simplified Bernoulli formula and the valve 
effective orifice area (EOA) was calculated with the continuity 
equation by dividing the stroke volume measured with the flow-
meter by the velocity-time integral of the transprosthetic veloci-
ties measured by Doppler. High residual gradient was defined 
as an mTPG >20 mmHg according to Valve Academic Research 
Consortium 2 criteria.
THV REGURGITATION AND STABILITY BY FLOWMETER AND 
VISUAL EXAMINATION
Aortic valve regurgitation fraction (regurgitant fraction=100× [regur-
gitant volume/stroke volume]) was measured by the electromagnetic 
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flowmeter. THV migration was assessed by visual observation of the 
ViV assembly after withdrawal from the simulator. The position of 
the THV within the surgical BP was compared before and after ViV.
AORTIC VALVE GEOMETRIC ORIFICE AREA BY HIGH-SPEED 
CAMERA
A high-speed camera (SA3 Fastcam–120K N/B; Photron, Tokyo, 
Japan) was placed facing the outflow side of the valve. The geo-
metric orifice area (GOA) was measured on images of the fully 
opened valve with a custom software detecting the contours of the 
minimal orifice area (Figure 2). The coefficient of flow contrac-
tion was computed as the ratio of EOA to GOA.

STATISTICAL ANALYSIS
Data are presented as mean±SD averaged over all the tested 
assemblies. One-way repeated measurement ANOVA was per-
formed to compare the pre- and post-ViV results according to the 
size and the position of the THV. The statistical analyses were per-
formed using SigmaPlot 11 (Systat Software, Inc., San Jose, CA, 
USA) and a p-value <0.05 was considered statistically significant.
All authors take responsibility for all aspects of the reliability 
and freedom from bias of the data presented and their discussed 
interpretation.

Results
EFFECT OF ViV ON HAEMODYNAMICS
The haemodynamic performance of the normal surgical BP prior 
to ViV is described in Figure 3, Moving image 1-Moving image 3, 
Supplementary Appendix 2, and Supplementary Table 2.

Valve-in-valve implantation of the THV in the normal posi-
tion was associated with deterioration in haemodynamics in 
the Trifecta (18% decrease in EOA, 72% increase in mTPG), 

Trifecta

Mitroflow

Epic Supra

–8 mm –4 mm 0 mm

Figure 1. Implant depth positions of the transcatheter heart valve for 
ViV in each model of surgical bioprosthesis. The CoreValve was 
implanted in the Trifecta, the Mitroflow, and the Epic Supra. The low, 
normal, and high positions correspond to –8 mm, –4 mm, and 0 mm 
below the BP annulus.

A B

C

Mitroflow
before ViV

CoreValve
Low: –8 mm

CoreValve
Normal: –4 mm

CoreValve
High: 0 mm

Trifecta Mitroflow Epic Supra

Figure 2. En face views of the aortic valves using a high-speed camera. A) Measurement of the geometric orifice area by drawing the contour 
of the valve orifice using a MATLAB programme. B) View of the three BP at maximum opening before valve-in-valve (ViV). C) View of the 
19 mm Mitroflow before and after ViV implantation of the 23 mm CoreValve deployed at three different implantation depths.
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Haemodynamics after ViV in small bioprostheses

no significant change in the Mitroflow (6% decrease in EOA, 
12% increase in mTPG), and improvement in haemodynamics 
in the Epic Supra (+15% in EOA and –26% in mTPG) com-
pared to the BP alone (Supplementary Table 2, Figure 3A, 
Figure 3B). The GOA decreased by 31% in the Trifecta and 
21% in the Mitroflow, whereas it increased by 17% in the Epic 
Supra (Figure 3C). The flow contraction coefficient increased 
with ViV in the Trifecta and Mitroflow whereas it remained 
unchanged in the Epic Supra (Figure 3D). The number of cases 
with high residual gradients (mTPG >20 mmHg) after ViV in 
the normal position were: one (4.2% of total Trifecta condi-
tions in normal position) for the Trifecta, three (12.5%) for the 
Mitroflow, and one (4.2%) for the Epic Supra (Supplementary 
Table 2).

EFFECT OF THV IMPLANTATION DEPTH ON ViV 
HAEMODYNAMICS
Regardless of the BP model, a higher implantation of the THV was 
associated with lower gradients (average –9% for the normal position 
and –25% for the high position compared to the low position) and 
larger EOAs (+4% and +14%, respectively) (Supplementary Table 
2, Figure 3A, Figure 3B) and GOAs (+12% and +20%, respectively 
[Figure 3C]). High residual gradients after ViV in the low position 
occurred in two cases (8%) in the Trifecta, five cases (21%) in the 
Mitroflow, and three cases (13%) in the Epic Supra (Supplementary 
Table 2). Assessment of high-speed camera videos showed that leaf-
let opening became more regular, more extensive and with less pli-
cation of the free edges of the leaflets when the THV was implanted 
in a higher position (Figure 2, Moving image 4-Moving image 9).
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Figure 3. Valve haemodynamic performance according to the model of surgical bioprosthesis and the implant depth position of the 
transcatheter heart valve. A) Effective orifice area (EOA). B) Mean transprosthetic gradient (mTPG). C) Geometric orifice area (GOA). 
D) Flow contraction coefficient. Values are averaged over the three tested assemblies (BP19-CoreValve 23, BP21-CoreValve 23 and BP21-
CoreValve 26) and over the three tested cardiac outputs at a heart rate of 70 bpm. Crosses represent the mean values. For the Epic Supra BP 
with CoreValve in the high position, only data of the two ViV assemblies with the 23 mm CoreValve are represented because the data for the 
26 mm CoreValve are missing due to valve migration. The red lines represent the VARC-2 criteria for high residual gradient (mTPG 
>20 mmHg) and small EOA (<1.1 cm2). ◊p<0.05 between CoreValve positions. *p<0.05 between CoreValve positions and BP alone groups. 
BP: bioprosthesis; NS: not statistically significant; ViV: valve-in-valve
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EFFECT OF THV SIZING ON ViV HAEMODYNAMICS
Figure 4A and Figure 4B show the EOA and mTPG for 23 and 
26 mm THV implanted in the three models of BP size 21 mm 
before and after ViV in the three tested THV positions. In the case 
of the Trifecta, implantation of a 26 mm THV was associated with 
an increase in EOA of 7% (+0.1 cm2) and a decrease in mTPG of 
17% (–2 mmHg) compared to implantation with a 23 mm THV 
(Figure 4A, Figure 4B). In the case of the Epic Supra, implanting a 26 
rather than a 23 mm THV was associated with better haemodynam-
ics only in the low implant depth position (EOA: +7% and mTPG: 
–19.5%). In the high position the 26 mm THV migrated upwards 
(towards the aorta) which led to the development of moderate inter-
valvular regurgitation (Figure 5). In the Mitroflow, the implantation 
of a 26 rather than a 23 mm THV was not favourable and was assoc-
iated with an increase in mTPG (+32%, +4.6 mmHg) and a decrease 
in EOA (–10%, –0.12 cm2) in the normal implant depth position.

REGURGITATION AND STABILITY
Figure 5 presents the rates and severity of prosthetic valve regur-
gitation according to BP type and THV implant depth position. 
Before ViV (BP alone), no significant prosthetic valve regurgitation 
was observed. After ViV in the Trifecta, one (1.4%) case of mild 
regurgitation (regurgitant fraction >15% but <30%) was observed 
with the THV in the low position. After ViV in the Mitroflow, we 
observed two (2.8%) cases of mild regurgitation: these two cases 
occurred with the 26 mm THV in the high position.

With the Epic Supra, no case of regurgitation was observed in 
the normal and low THV positions. However, with the 26 mm 
THV implanted in the high position, there was a migration of the 
THV with moderate (i.e., regurgitant fraction >30% but <50%) 

intervalvular regurgitation (Figure 5). The effects of cardiac output 
and aortic pressure are described in Supplementary Appendix 2.

Discussion
The main findings of this in vitro study of ViV in small surgical BP 
are the following. 1) ViV with the CoreValve is associated with dete-
rioration in valve haemodynamics (i.e., decrease in EOA and increase 
in gradient) in the Trifecta, haemodynamic improvement in the Epic 
Supra, and no significant change in the Mitroflow. 2) Overall, the high 
implantation depth position is associated with better haemodynamics 
compared to the low position; the normal position yields intermedi-
ate results between the low and high positions. However, the high 
position was associated with an increased risk of embolisation in the 
Epic Supra. 3) THV oversizing (i.e., using the 26 mm CoreValve 
instead of the 23 mm) was generally associated with larger EOAs 
in the Trifecta and Epic Supra but smaller EOAs in the Mitroflow.

EFFECT OF ViV ON HAEMODYNAMICS
ViV in the Trifecta resulted in significant reductions in GOA and 
EOA and ensuing increases in gradients. The Trifecta has a cir-
cular and rigid stent made of titanium with pericardial leaflets 
mounted outside the stent. Despite the radial forces exerted by the 
nitinol stent of the CoreValve, there is no possibility for expansion 
of the internal orifice diameter of the Trifecta. Consequently, the 
ViV resulted in a reduction of the GOA that is nevertheless attenu-
ated when using a high implant depth position (Moving image 4, 
Moving image 5). The Mitroflow has a rigid polymeric circular 
stent and externally sewn leaflets. Despite a design similar to the 
Trifecta, the Mitroflow has less extensive opening of leaflets, which 
may allow some further expansion during ViV (Moving image 3).
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Haemodynamics after ViV in small bioprostheses

To this effect, the ViV was associated with reduction in GOA 
with the Mitroflow but to a lesser extent than with the Trifecta. 
With both pericardial surgical BP, the flow contraction coeffi-
cient increased (i.e., less flow contraction) with the ViV, which, at 
least in part, attenuated the negative haemodynamic impact (i.e., 
decrease in EOA and increase in gradient) related to the reduction 
in GOA. The improvement in contraction coefficient is probably 
related to the fact that the implantation of the CoreValve within 
the pericardial BP provided a more progressive (funnel-like) valve 
inflow shape and so less flow contraction.

As opposed to the pericardial BP, Trifecta and Mitroflow, 
ViV resulted in an improvement and not a deterioration of the 
valve haemodynamics in the Epic Supra. The design of this 
porcine BP is very different compared to that of the pericardial 
BP. The stent made of an acetal copolymer has a scalloped 
shape and is partially flexible, and the porcine leaflets are 
mounted inside the stent. There is thus a potential for expan-
sion of the internal orifice diameter with the radial forces gen-
erated by the stent of the THV during the ViV. As a matter of 
fact, the ViV was associated with an increase in GOA and EOA 
of the Epic Supra (Moving image 2, Moving image 8). With 
this BP, there was, however, minimal change in the flow con-
traction coefficient.

Given that the baseline haemodynamics of the Trifecta are sub-
stantially better than those of the Epic Supra or the Mitroflow, the 
haemodynamics post ViV were similar or better with the Trifecta 
than with the Epic Supra or the Mitroflow. These findings further 
emphasise the importance of implanting surgical BP with the larg-
est possible internal orifice diameter, providing the largest GOA 
and EOA, and also ideally with stents (and thus internal orifice 
area) able to expand at the time of ViV.

EFFECT OF THV IMPLANTATION DEPTH
Regardless of the BP model and size, a higher implantation of the 
THV allowed reduction of the mTPG by increasing the GOA and 
thus the EOA (Moving image 4-Moving image 9). This is consist-
ent with some in vitro studies6,10,11 and with the in vivo study from 
the VIVID registry7, which reported that a higher THV implanta-
tion is independently associated with lower post-procedural gradi-
ents with both self-expanding and balloon-expandable THVs.

The supra-annular design of the CoreValve allows the THV leaf-
lets to operate with more space and less restriction compared to 
THV leaflets that would be located at the level of the BP internal 
orifice. The stent of the THV has an hourglass shape and is thus 
less constrained and has a larger internal orifice above the annu-
lus of the BP than at the level of the annulus. With the low implant 
depth position of the THV, this advantage of the supra-annular posi-
tion and operation of the THV leaflets is partially lost, whereas it is 
maximised with the highest position. The haemodynamic benefit of 
the high vs. normal vs. low positions is essentially determined by an 
increase in the GOA and thus the EOA. On the other hand, a higher 
position is associated with some slight decrease in the flow contrac-
tion coefficient probably because of the attenuation of the funnel 
effect (at the valve inflow) created by the portion of the THV stent 
below the internal orifice of the surgical BP.

The high position of the THV may however be associated with an 
increased risk of THV migration and embolisation, and intervalvu-
lar regurgitation following ViV in small BP, particularly in the case 
of some specific models such as the Epic Supra. This risk appears 
to be increased with important THV oversizing. Indeed, the Epic 
Supra valve has relatively shorter stent posts and leaflets compared 
to the Trifecta or Mitroflow BP, which may explain the greater sus-
ceptibility to THV migration with the high position (Figure 5, inset). 
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This instability of the THV may also be related to the effacement of 
the hourglass shape of the THV stent at its base (due to restriction 
of the apical border of the stent within the BP annulus), especially 
when the ViV is performed within small BP and with a large degree 
of THV oversizing. These conditions may increase the upward 
forces applied at the base of the stent, thus leading to “pop-off” of 
the THV in the direction of the aorta.

In the Mitroflow, mild intervalvular regurgitation was observed 
in two cases with high THV position. One possible explanation may 
be the indentations at the apical border of the stent, which leaves 
some open space not covered by porcine tissue. With the high posi-
tion, these open spaces at the base of the THV stent are above the 
BP annulus, thus increasing the risk of intervalvular leak. The newer 
generations of CoreValve, i.e., the Evolut R and Evolut R Pro have 
extended sheets of porcine tissue, which fill, at least in part, these api-
cal indentations, and a layer of pericardium wrapped around the base 
of the stent (Evolut R Pro only). These features may help to reduce 
the risk of intervalvular regurgitation with the high THV position.

EFFECT OF THV OVERSIZING
In small surgical BP, the implantation of a 23 mm CoreValve is 
already associated with important THV oversizing. The results of 
this study show that even more important oversizing, i.e., using a 26 
rather than a 23 mm CoreValve, is associated with somewhat larger 
EOAs and lower gradients with the Trifecta and the Epic Supra but 
not with the Mitroflow. The only case of THV dislodgement that we 
observed in this study occurred with a 26 mm THV implanted in the 
high position within the 21 mm Epic Supra. Furthermore, although 
this was not assessed in the present study, important THV oversiz-
ing may increase the mechanical stress on the leaflets and may thus 
impair the long-term durability of the THV12. Hence, the small haemo-
dynamic benefit achieved by major THV oversizing may not offset 
the risk of THV migration and of potentially impaired durability.

Study limitations
We tested only three models of surgical BP and one model of THV. 
Further studies are necessary to expand these analyses to other 
models of BP and THVs used in the clinical setting. We used BP 
with normal morphology and function. Further in vitro studies are 
necessary to test different models, sizes, and positions of THVs 
within failed surgical BP explanted from patients. It is possible that 
in such studies the gradients may be higher than those observed 
in the present study with normal BP. We tested only three THV 
positions. Positions higher than the high position (0 mm) or lower 
than the low position (-8 mm) are not clinically relevant. We could 
have tested an intermediate position between normal and high (i.e., 
2 mm below the BP annulus). However, it is likely that the results 
would have been between those of the normal and high positions. 
We were not able to assess the effect of THV position and oversiz-
ing on the risk of coronary artery obstruction, which is a potential 
complication of ViV. Further studies including measurements of 
pull-out forces are required to validate the THV stability and risk 
of migration, especially in the highest position.

Conclusions
Supra-annular positioning of the CoreValve is associated with good 
overall haemodynamics following ViV in small surgical BP. The 
results of this study allow tailoring the sizing and positioning of the 
THV for ViV according to the model and size of the surgical BP. 
For the 19 and 21 mm Epic Supra, a 23 mm CoreValve implanted 
in the normal (4 mm below BP annulus) position appears to provide 
the best conditions to optimise the haemodynamics and stability. 
For the 19 and 21 mm Mitroflow, a 23 mm CoreValve implanted in 
the normal or high (0 mm) position provides optimal results. For the 
19 and 21 mm Trifecta, the best haemodynamic results are obtained, 
respectively, with the 23 and 26 mm THV implanted in a high posi-
tion. However, further studies are needed for better assessment of 
the stability of the THV position and its durability in these BP as 
well as in other ViV combinations of BP-THV models.

Impact on daily practice
To optimise the haemodynamics and stability of the ViV, the 
selection of the THV size and position should be tailored to 
the model and size of the surgical BP. In the Trifecta, the high 
position (0 mm relative to BP annulus) of the THV provides 
the best haemodynamic performance and large oversizing 
provides further incremental haemodynamic benefit with no 
obvious side effects. In the Mitroflow, the high position is 
associated with lower gradients but slightly more (mild) inter-
valvular regurgitation; large oversizing is not recommended. 
For the Epic Supra, the high THV position and the large over-
sizing are not recommended as these conditions are not assoc-
iated with any further haemodynamic benefit (i.e., decrease in 
gradients) compared to the normal position and, furthermore, 
they may be associated with increased risk of THV migration 
and intervalvular regurgitation.
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Supplementary Appendix 1. Methods 

In vitro cardiovascular simulation 

This simulator includes elastic and anatomically shaped left ventricle and aorta made of silicon as well as 

mitral and aortic valves simulated by bioprostheses. In this study, the mitral valve was an Edwards Magna 

29 mm. A saline glycerol solution fixed at 3.8 ± 2 cP at 37°C was used to mimic blood viscosity. The 

maintenance of the temperature of the circulating fluid at 37°C was required to ensure optimal radial force 

of the nitinol CoreValve. A Vivitro piston-pump (Vivitro Inc., Victoria, Canada) was used to activate the 

left ventricle and simulate diastolic and systolic phases of the cardiac cycle. Cardiac output was measured 

as the positive aortic flow by minute measured by an electromagnetic flowmeter (Probe 95; Carolina 

Medical Electronics, East Bend, NC, USA; accuracy ±5%) placed between the left ventricle and the aortic 

valve. Ventricular and aortic pressures were recorded using Millar catheters (Millar MPR-500; Millar 

Sensor System Solution Instruments, Houston, TX, USA; accuracy ± 0.5%) and mean aortic pressure was 

controlled by adjusting the systemic resistance. 

 

ViV assemblies 

ViV implantation with the CoreValve is not recommended by the ViV application developed by Bapat et 

al. or by Medtronic for any of the tested BP, except for the 19 mm Epic Supra in which Medtronic 

recommends implanting a 23 mm CoreValve. To address the situation of off-label use of the CoreValve 

for ViV in small BP, we implanted the 23 mm CoreValve in the 19 mm size of the three BP models. In 

the 21 mm Trifecta, both Medtronic charts and the ViV application recommend implanting a 23 mm 

CoreValve, whereas both guidelines recommend not performing ViV implantation within the 21 mm 

Mitroflow. For the 21 mm Epic, the ViV application recommends implanting a 23 mm CoreValve, 

whereas Medtronic recommends implantation of a 26 mm CoreValve. As there is no consensus about the 



recommendations for choice of THV in the 21 mm BP, we implanted both the 23 mm CoreValve Evolut 

and the 26 mm CoreValve within all three 21 mm BP tested in this study (Supplementary Table 1). 

THV depths of implantation 

The normal position corresponded to the position currently recommended in the ViV application, i.e., one 

strut (4 mm) of the THV below the radiopaque BP annulus. The low position was achieved by shifting 

the TVH by 1 strut towards the LV compared to the normal position (i.e., 8 mm below BP annulus). The 

high position was obtained by shifting the THV higher by 1 strut compared to the normal position (0 mm). 

ViV implantation was performed outside the simulator and then the ViV assembly was placed in the aortic 

valve position in the duplicator. All implantations were performed with the commissures of the THV 

aligned with those of the surgical BP. 

 

  



Supplementary Appendix 2. Results 

 

Comparison of the haemodynamic performance of the surgical BP 

There were significant differences in the haemodynamic performance of the surgical BP prior to ViV 

(p<0.001). The Trifecta presented the best haemodynamic results (mTPG 8.1±3.8 mmHg, EOA 1.56±0.16 

cm2) with no mTPG >20 mmHg (Moving image 1), whereas the Epic Supra had the worst results (mTPG 

18.9±8.1 mmHg, EOA 1.09±0.09 cm2) with 5 cases of high residual gradient (>20 mmHg) (Moving 

image 2, Supplementary Table 2, Figure 3A, Figure 3B). The Mitroflow had intermediate results 

(mTPG 15.6±6.1 mmHg, EOA 1.17±0.13 cm2) with 1 case of high residual gradient (Moving image 3). 

The analysis of the GOAs provided similar trends but in different proportions (Figure 3C). Indeed, the 

difference (i.e., superiority) between pericardial BP (Trifecta and Mitroflow) and porcine BP (Epic Supra) 

was more important for the GOAs than for the EOAs. This is explained by the fact that pericardial BP had 

smaller contraction coefficients (i.e., more pronounced flow contraction) compared to the porcine BP 

(Figure 3D). 

Effect of cardiac output and aortic pressure on ViV haemodynamics 

When including all tested ViV configurations, higher cardiac output was associated with higher mTPG 

(8.2±2.2, 13.9±3.6 and 22.3±6.4 mmHg at 70 bpm and mean aortic pressure of 100 mmHg in low, normal 

and high cardiac output, respectively), higher EOA (1.17±0.13 cm2, 1.25±0.15 cm2 and 1.28±0.15 cm2, 

respectively) and lower RF (7.6±3.9%, 5.2±2.9% and 3.5±2.1%, respectively, all p<0.001). There was no 

significant interaction between cardiac output or aortic pressure and THV position with respect to impact 

on mTPG, EOA, or RF. On the other hand, higher aortic pressure had no significant effect on mTPG or 

EOA but was associated with higher RF (5.2±2.9% at mean aortic pressure of 100 mmHg vs. 7.4±4.2% 

at 160 mmHg, at 70 bpm). In the Epic Supra, there was no regurgitation without subsequent critical 

migration, so no effect of pressure on it. 



Supplementary Table 1. Design features of each surgical bioprosthesis model including stent 
characteristics and internal diameters. 
 

  TRIFECTA 
St. Jude Medical 

MITROFLOW 
Sorin 

EPIC SUPRA 
St. Jude Medical 

 Bioprosthesis model 

   
 Radiopaque profile* 

   
 Armature  

 

 

  
 Material used for armature 

and ring 
Titanium stent covered 

with polyester fabric and 
porcine pericardium 

Polyester-covered acetyl 
polymer stent  

with silicone circular 
base ring 

FlexFitTM flexible acetal 
copolymer scalloped stent 
covered with polyester and 

pericardial tissue 
 True ID on the LV side 

   
 ID on the aortic side 

   
 En face view radiographic 

images1 

   
 Size 19 21 19 21 19 21 
 Stent ID (mm) 17 19 15.4 17.3 19 21 

LV
 si

de
 

Referenced true ID (Bapat 
app) 

16 18 15.4 17.3 16.5 18.5 

True ID (mm) measured with 
caliper 15.5 17.6 15.2 16.9 15.8 17.7 

Ao
rt

ic
 

sid
e 

ID (mm) measured with 
caliper on the aortic side 16 17.6 15 15.2 13.6 15.2 

 

Implanted CoreValve / 
corresponding %oversizing 
relative to Bapat’s true ID 

23 / 105% 23 / 62% 
26 / 94% 23 / 121% 23 / 75% 

26 / 111% 23 / 93% 23 / 53% 
26 / 84% 

 



Internal diameters (ID) were measured in our lab with caliper on both ventricular and aortic side of the 

bioprostheses. Oversizing corresponding to each ViV assembly and relative to true ID provided by the 

Bapat application are also given.  

ID: internal diameter; LV: left ventricle; *Adapted with permission from Bapat et al 13. 

 

 

  



Supplementary Table 2. Valve-in-valve haemodynamic performance according to surgical 

bioprosthesis model and transcatheter heart valve implant depth. 

 

CoreValve 

implantation 

depth 

mTPG 

(mmHg) 
EOA (cm2) GOA (cm2) 

Nb /24 

(%) HRG 

Nb /72 

(%) HRG 

ViV 

Effect of ViV 
Effect of CoreValve 

implantation depth 

∆mTPG 

(%) 

∆EOA 

(%) 

∆GOA 

(%) 

∆mTPG (%) 

vs. 

Normal 

∆EOA (%) 

vs. 

Normal 

∆GOA (%) 

vs. 

Normal 

TriF BP alone 8.1 ± 3.8 1.56 ± 0.16 2.02 ± 0.21 0 (0%)        

ViV 

low 14.9 ± 7.4 1.22 ± 0.13 1.27 ± 0.15 2 (8%) 

4 (6%) 

+84 -22 -37    

normal 13.9 ± 6.9 1.28 ± 0.14 1.40 ± 0.14 1 (4%) +72 -18 -31    

high 11 ± 4.9 1.39 ± 0.11 1.56 ± 0.20 1 (4%) +36 -11 -23 -21 +9 +11 

MitF BP alone 15.6 ± 6.1 1.17 ± 0.13 1.56 ± 0.12 1 (4%)        

ViV 

low 19.4 ± 9.0 1.07 ± 0.09 1.08 ± 0.16 5 (21%) 

9 (13%) 

+24 -9 -31    

normal 17.9 ± 8.3 1.10 ± 0.10 1.23 ± 0.09 3 (13%) +12 -6 -21    

high 11.7 ± 5.4 1.34 ± 0.11 1.40 ± 0.16 1 (4%) -25 +15 -10 -35 +22 +14 

EpicS BP alone 18.9 ± 8.1 1.09 ± 0.09 1.18 ± 0.07 5 (21%)        

ViV 

 

low 15.9 ± 8.3 1.20 ± 0.18 1.22 ± 0.19 3 (13%) 
5 (7%) 

 

-16 +10 +4    

normal 14.0 ± 6.6 1.25 ± 0.13 1.38 ± 0.17 1 (4%) -26 +15 +17    

high 14.4 ± 6.7 1.24 ± 0.13 1.30 ± 0.14 1 (4%) -24 +14 +10 +3 -1 -6 

 

BP: bioprosthesis; EOA: effective orifice area; EpicS: Epic Supra; GOA: geometric orifice area; HRG: high residual 

gradient (mTPG >20 mmHg); MitF: Mitroflow; mTPG: mean transvalvular pressure gradient; Nb: number of cases; 

TriF: Trifecta; ViV: valve-in-valve 



 

 

 

Supplementary Figure 1. Transcatheter heart valves used in the study. 

The CoreValve Evolut is, in fact, the 23 mm version of the CoreValve but with a somewhat shorter 

stent. 

  



Moving image legends 

 

Moving image 1. En face view of the 19 mm Trifecta valve. 

The Trifecta has pericardial leaflets mounted outside the stent and has a circular opening. 

 

Moving image 2. En face view of the 19 mm Epic Supra valve. 

The Epic Supra is a porcine valve with thin leaflets sewn inside the stent. This valve has the smallest 

geometric orifice areas compared to the 2 pericardial valves with same label size tested in this study. 

 

Moving image 3. En face view of the 19 mm Mitroflow valve. 

The Mitroflow has pericardial leaflets externally sewn which deploy in a symmetrical and regular fashion 

but with less extensive opening as compared to the Trifecta.  

 

Moving image 4. En face view of the CoreValve 23 implanted in the 19 mm Trifecta valve in the low 

implant depth position. 

Leaflets are underdeployed and plicated at the belly level as well as on the free edge as they work in a 

constricted zone. Moreover, one leaflet closes earlier compared to the 2 others and there is some pin 

wheeling (clockwise) motion of the leaflets. 

 

Moving image 5. En face view of the CoreValve 23 implanted in the 19 mm Trifecta valve in the high 

implant depth position. 

The valvular apparatus of the CoreValve is less restricted as it is shifted out of the BP internal orifice 

compared to lower positions of implantation. Leaflets operate with more space resulting in increased GOA 

and EOA. 

 



Moving image 6. En face view of the CoreValve 23 implanted in the 19 mm Mitroflow valve in the low 

implant depth position. 

Similarly, to the CoreValve within the Trifecta in the low position, leaflets are underdeployed and plicated 

at the belly level as well as on the free edge as they work in a constricted zone. One leaflet closes earlier 

compared to the 2 others and there is some pin wheeling (clockwise) motion of the leaflets. 

 

Moving image 7. En face view of the CoreValve 23 implanted in the 19 mm Mitroflow valve in the high 

implant depth position. 

Leaflets are less plicated as they work out of the restricted zone as compared to the low position. Similarly, 

to the case of high implantation within the Trifecta, leaflets operate with more space resulting in increased 

GOA and EOA. 

 

Moving image 8. En face view of the CoreValve 23 implanted in the 19 mm Epic Supra valve in the low 

implant depth position. 

Similarly to the CoreValve within the Trifecta or the Mitroflow in the low implant depth position, leaflets 

are plicated at the belly and free edge levels. There is some pin wheeling (clockwise) motion of the leaflets. 

 

Moving image 9. En face view of the CoreValve 23 implanted in the 19 mm Epic Supra valve in the high 

implant depth position. 

Leaflets are less plicated as they work out of the restricted zone as compared to the low depth position. 

However, one of the three leaflets has a less wide opening compared to the others and the stent at the 

valve entry level is somewhat tightened. In this configuration, the benefit of supra-annular position on 

EOA is limited by the loss of funnel effect in entry combined with a possible constraint exerted by the 

bulky posts of the porcine Epic Supra valve. 
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