
Valve type, size and deployment location affect hemodynamics in an in vitro
valve-in-valve model

Prem A. Midha, MSa, Vrishank Raghav, PhDa, Jose F. Condado, MD, MSb, Ikechukwu Okafor, PhDa, Stamatios Lerakis, MDb,
Vinod H. Thourani, MDb, Vasilis Babaliaros, MDb, Ajit P. Yoganathan, PhDa,∗

aGeorgia Institute of Technology, Atlanta, GA
bEmory University Hospitals, Atlanta, GA

Abstract

Objectives To optimize hemodynamic performance of valve-in-valve (VIV) according to transcatheter heart valve (THV) type
(balloon vs. self-expandable), size and deployment positions in an in vitro model.
Background VIV transcatheter aortic valve replacement (VIV-TAVR) is increasingly used for the treatment of patients with a
failing surgical bioprosthesis. However, there is a paucity in understanding the THV hemodynamic performance in this setting.
Methods VIV-TAVR was simulated in a physiological left heart simulator by deploying a 23mm SAPIEN, 23mm CoreValve, and
26mm CoreValve within a 23mm Edwards PERIMOUNT surgical bioprosthesis. Each THV was deployed into 5 different positions:
normal (inflow of THV was juxtaposed with inflow of surgical bioprosthesis), -3mm and -6mm sub-annular, and +3mm and +6mm
supra-annular. At a heart rate of 70 bpm and cardiac output of 5.0 L/min, mean transvalvular pressure gradients (TVPG), regurgitant
fraction (RF), effective orifice area (EOA), pinwheeling index (PI), and pullout forces were evaluated and compared between THVs.
Results Though all THV deployments resulted in hemodynamics that would have been consistent with VARC-2 procedure success,
we found significant differences between THV type, size, and deployment position. For a SAPIEN valve, hemodynamic perfor-
mance improved with a supra-annular deployment, with the best performance observed at +6mm. Compared to a normal position,
+6mm resulted in lower TVPG (9.31±0.22 mmHg vs. 11.66±0.22 mmHg; p<0.01), RF (0.95±0.60% vs. 1.27±0.66%; p<0.01),
and PI (1.23±0.22% vs. 3.46±0.18%; p<0.01), and higher EOA (1.51±0.08 cm2 vs. 1.35±0.02 cm2; p<0.01) at the cost of lower
pullout forces (5.54±0.20 N vs. 7.09±0.49 N; p<0.01). For both CoreValve sizes, optimal deployment was observed at the normal
position. The 26mm CoreValve, when compared to the 23mm CoreValve and 23mm SAPIEN, had lower TVPG (7.76±0.14 mmHg
vs. 10.27±0.18 mmHg vs. 9.31±0.22 mmHg; p<0.01) and higher EOA (1.66±0.05 cm2 vs. 1.44±0.05 cm2 vs. 1.51±0.08 cm2;
p<0.01), RF (4.79±0.67% vs. 1.98±0.36% vs. 0.95±1.68%; p<0.01), PI (29.13±0.22% vs. 6.57±0.14% vs. 1.23±0.22%; p<0.01),
and pullout forces (10.65±0.66 N vs. 5.35±0.18 N vs. 5.54±0.20 N; p<0.01).
Conclusions The optimal deployment location for VIV in a 23 PERIMOUNT surgical bioprosthesis was at a +6mm supra-annular
position for a 23mm SAPIEN valve and at the normal position for both the 23mm and 26mm CoreValves. The 26mm CoreValve
had lower gradients, but higher RF and PI than the 23mm CoreValve and the 23mm SAPIEN. In their optimal positions, all
valves resulted in hemodynamics consistent with the definitions of VARC-2 procedural success. Long-term studies are needed to
understand the clinical impact of these hemodynamic performance differences in patients who undergo VIV-TAVR.
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1. Introduction

Valve-in-valve transcatheter aortic valve replacement (VIV-
TAVR) has emerged as a treatment for high surgical risk pa-
tients with failing aortic surgical bioprostheses (1, 2). Recently,
the Food and Drug Administration has approved both balloon-
expandable (SAPIEN XT, Edwards Lifesciences, Irvine, CA,
USA) and self-expanding (CoreValve, Medtronic, Dublin, Ire-
land) transcatheter heart valves (THV) for this indication in the

∗Wallace H Coulter Department of Biomedical Engineering
Georgia Institute of Technology and Emory University
Technology Enterprise Park, Suite 200
387 Technology Circle, Atlanta, GA 30313

Email address: ajit.yoganathan@bme.gatech.edu (Ajit P.
Yoganathan, PhD)

US. While VIV-TAVR may restore valve function and improve
symptoms, adverse events such as elevated post-procedural gra-
dients (28.4%), coronary obstruction (3.5%), device malposi-
tioning (15.0%) and valve leaflet thrombosis (4%) have been
reported (3, 4, 5, 6). A lack of understanding of how VIV
deployment location affects THV hemodynamics may explain
some of these untoward events.

Current sizing and deployment recommendations are based
on reference guides that use valve true internal diameters for
THV size selection. As a consequence, commonly used guides,
such as the ViV Aortic app (7) and the THV manufacturer’s in-
structions for use (IFU) for deployment in native aortic valves
can recommend a different THV size for the same surgical bio-
prosthesis size (refer to supplementary materials). At this time,
no evidence-based industry sizing or positioning guidelines for
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Figure 1: In Vitro In Vitro Pulsatile Flow System - The Georgia Tech Left Heart Simulator (left) used in this study is a validated pulsatile flow loop for producing
physiologic and pathophysiologic conditions of the heart. The mean TVPG (right) was defined by the average difference between the ventricular and aortic pressure
curves as indicated by the shaded region.

VIV-TAVR exist, though it is FDA approved. Furthermore, re-
cent studies suggest that in cases of extreme oversizing of the
THV, a supra-annular deployment can result in superior hemo-
dynamics for a balloon-expandable valve in a small bioprosthe-
sis than in the deployment location recommended by the ex-
isting guidelines (8, 9, 10). In the current study, we investi-
gate whether or not the drastic effects of supra-annular deploy-
ment seen in a small bioprosthesis were still present when there
was less prosthesis-patient mismatch. We performed an in vitro
study to better understand THV hemodynamics according to
valve type, degree of oversizing, and deployment location for
balloon- and self-expanding VIV-TAVR.

2. Methods

2.1. Flow Loop

The study was conducted in a validated pulse duplicator (Fig-
ure 1) that simulates physiological and pathophysiological con-
ditions of the heart (11). A non-calcified surgical bioprosthesis
was mounted into an idealized rigid acrylic chamber designed
to simulate the aortic sinus and ascending aorta (Figure 2).
The chamber dimensions were based off of published average
anatomical measurements (12, 13). The aorto-ventricular angle
in the left heart simulator is 0, which is the standard config-
uration for in vitro TAVR testing for FDA submissions. The
flow rate and the aortic and ventricular pressures were tuned to
physiological levels through a lumped systemic resistance and
compliance and measured through a custom data acquisition
system. The working fluid was a 3.5 cSt saline-glycerine so-
lution (approximately 36% glycerine by volume in 0.9% NaCl)
to match the kinematic viscosity of blood. Further details of the
flow loop are provided in our previous publication (8).

2.2. Valve models and deployment

A 23mm Edwards PERIMOUNT surgical bioprosthesis was
implanted in the in vitro model. This surgical bioprosthesis
type and size was chosen because it is the among the most

Figure 2: Aortic Chamber - The aortic chamber was designed based on pub-
lished anatomical average values. Depicted is the 23mm CoreValve Evolut
(top) with downstream tethers to resist ventricular migration, within a 23mm
PERIMOUNT surgical bioprosthesis. Without tethering, the 23mm CoreValve
provided insufficient force to oppose the diastolic gradient and migrated sub-
annularly as a result (bottom).

commonly encountered in general practice (14, 15). In ad-
dition, this surgical valve type and size has multiple recom-
mended THV sizes depending on the guidelines used. For the
VIV-TAVR model, THV size selections were based on the rec-
ommendations by the VIV app and IFU for deployment in na-
tive aortic valves. For the 23mm Edwards PERIMOUNT, both
guidelines recommend a 23mm SAPIEN valve, but the VIV
app recommends a 23mm CoreValve Evolut and the IFU rec-
ommends a 26mm CoreValve. In the current study, a 23mm
SAPIEN, a 26mm CoreValve, and a 23mm CoreValve Evolut
were deployed within a 23mm Edwards PERIMOUNT surgi-
cal bioprosthesis in 5 positions: normal (0mm; bottom of the
THV stent aligned with the bottom of the surgical bioprosthe-
sis sewing ring, as indicated by the ViV Aortic app); -3mm and
-6mm below the normal position; and +3mm and +6mm above
the normal position (Figure 3).

All valves used in this study were previously unused and non-
calcified, and the same THVs were used for all 5 deployment
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Figure 3: Deployment Schematic - Schematic representation of deployment heights as they would be seen by x-ray. The dashed yellow line indicates the base of the
leaflets in the THV. Note the ”flower pot” shape taken by the SAPIEN valve in supra-annular deployments.

positions. In order to minimize unnecessary deployments of
the balloon-expandable SAPIEN, the valve was never crimped
beyond what was required to insert it into the surgical valve
( 21mm).

Migration was visually assessed by observing the relation-
ship between THV stent struts and the surgical valve stent posts
through the optically clear flow chamber before and after flow
testing. For the 23mm CoreValve Evolut, the THV migrated to
an extreme sub-annular position under physiologic conditions
(Figure 2). This was believed to be due to the lack of calcifi-
cation and decrease distal aorta anchoring force in our model,
and thus, the testing of this THV was performed with the valve
artificially tethered in the desired deployment location.

2.3. Hemodynamics
VIV performance was characterized using mean transvalvu-

lar pressure gradients (TVPG) and regurgitant fraction (RF).
The flow loop was tuned to mean arterial pressure of 100 mmHg
(Figure 1), a heart rate of 70 bpm, and a cardiac output of 5
L/min with a peak instantaneous systolic flow rate of 25 L/min
and a systolic duration of 35%. Two hundred consecutive car-
diac cycles (n=200) of hemodynamic data (aortic pressure, ven-
tricular pressure, and flow rate) were collected for each test con-
dition at a 1 kHz data sampling rate using a custom LabVIEW
Virtual Instrument.

2.4. Regurgitant Fraction
The level of aortic regurgitation was assessed through com-

parison of the regurgitant fraction (RF), and was computed from
the measured flow waveforms using the following equation:

RF =
LV
S V

(1)

where, LV it eh leakage volume and SV is the forward stroke
volume. The leakage volume is obtained by subtracting the
closing volume from the total regurgitant volume.

Figure 4: Pinwheeling Index Definition - High-speed en face imaging of the
VIV allows for quantification of leaflet deformation. The 26mm CoreValve on
the left demonstrates a higher pinwheeling index than the 23mm SAPIEN on
the right. Both valves are deployed at the +6mm position.

2.5. Aortic valve orifice area

Effective orifice area (EOA) was computed through the Gor-
lin equation (16)

EOA =
Q

51.6
√

TVPG
(2)

where, Q is the flow through the aortic valve. This metric is
used to evaluate residual stenosis after VIV-TAVR.

2.6. Pinwheeling Index

Based on ISO heart valve guidelines, localized bending of
leaflet material, or pinwheeling, should be avoided due to po-
tential for premature tissue degradation (17). This was quanti-
fied using en face data by tracing the length of the leaflet free-
edges and comparing them to their unconstrained, ideal config-
urations as described in Figure 4. A pinwheeling index (PI) was
computed by following equation:

PI =
Lactual − Lideal

Lideal
(3)
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where, Lactual is the length of the leaflet free-edge from the
perimeter of the valve to the coaptation center, and Lideal is the
straight-line distance between the endpoints of the leaflet free-
edge. The value is presented as a percentage.

2.7. Pullout forces

Relative embolization risk for each VIV deployment was
evaluated by measuring the pullout force required to dislodge
the valve in a different apparatus than the flow studies, and
without the downstream tethering. The apparatus and method
used to measure pullout force is described to the one used in
our previous study (8), however, the downstream region of the
CoreValve’s stent provides resistance to embolization and ne-
cessitated the inclusion of the ascending aorta in our test fixture.
The ascending aorta was coated in PTFE matching the coeffi-
cient of friction between Nitinol and calcified aortic tissue (ap-
proximately 0.15) as reported by previous studies (18, 19, 20).
Force was applied gradually until the valve migrated and the
peak force measured by a digital force gauge was recorded.
Each test condition was repeated 6 times (n=6).

2.8. Statistical analysis

The data are presented as a mean standard deviation. Nor-
mality of all the data were tested using the Anderson-Darling
method. One-way ANOVA was used for analyzing indepen-
dent sample sets with Tukey’s post-hoc test for comparisons be-
tween multiple groups. P-values less than 0.05 were considered
statistically significant and the analysis was done using SPSS
Statistics for Mac (Version 22.0, IBM Corp, NY). A full pre-
sentation of the p-values from the post-hoc tests can be found
in the supplemental materials.

3. Results

3.1. Hemodynamics

The TVPG is reported as a mean standard deviation mea-
sured over two hundred consecutive cardiac cycles (n=200) in
Figure 5. While we observed that all the measured mean gra-
dients were below the VARC-2 criterion for success of <20
mmHg (21) there were differences between deployment loca-
tions according to the valve type. Under the VIV app de-
fined normal deployment positions, the 26mm CoreValve dis-
played a lower mean gradient than the 23mm CoreValve and
23mm SAPIEN (7.76±0.14 mmHg vs. 10.27±0.18 mmHg vs.
11.66±0.22 mmHg; p<0.01). Both CoreValves performed opti-
mally in the normal to -3mm deployment range, with the mean
TVPGs increasing with supra-annular and sub-annular implan-
tation of the THV. On the other hand, the SAPIEN performed
better with increasingly supra-annular deployment. The mean
TVPG at the 6mm supra-annular deployment is approximately
20% lower than at the normal position (9.31±0.22 mmHg vs
11.66±0.22 mmHg; p<0.01), while a 6mm sub-annular deploy-
ment increased gradient by a similar amount.

Figure 5: Mean Transvalvular Pressure Gradients - High positioning of the
SAPIEN valve lead to more favorable TVPGs, however the deployment rec-
ommended by the VIV app yields better gradients for the CoreValves. In addi-
tion, the 26mm CoreValve performed better at its optimal deployment than the
23mm CoreValve. The error bars indicate standard deviation and all relevant p-
values are less than 0.01, except for comparisons between +3mm deployments
for the CoreValves, and between -3mm and normal deployments for the 23mm
CoreValve, which were not significantly different.

3.2. Regurgitant Fraction
The RF is reported as a mean standard deviation measured

over two hundred consecutive cardiac cycles (n=200), and was
observed to change with valve type and deployment position
as illustrated in Figure 6. Since all deployments demonstrated
good coaptation and the closing volume was removed for cal-
culation of RF, the RF value is paravalvular leak (PVL). For
the SAPIEN valve, RF progressively decreased as the deploy-
ment height increased from -6mm to +6mm (7.40±0.21% to
0.95±0.60%; p<0.01). However, for both CoreValves, sub-
annular and supra-annular deployment resulted in higher RF,
with the minimum RF observed at the normal deployment posi-
tion (26mm: 4.79±0.67%; 23mm: 1.98±0.36%; p<0.01). Fur-
thermore, the RF of the 26mm CoreValve was greater than that
of the 23mm CoreValve at all deployment positions.

Figure 6: Regurgitant Fraction - The SAPIEN valve had the least regurgita-
tion under normal and supra-annular deployments, whereas the CoreValves per-
formed best in the normal to slightly sub-annular range. The error bars indicate
standard deviation and all relevant p-values are less than 0.05.

3.3. Aortic Valve Area
EOA is presented as a mean standard deviation measured

over two hundred consecutive cardiac cycles (n=200). The vari-
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ation of EOA with deployment height for all the THVs mirrored
the corresponding changes in mean TVPG (Figure 7). For each
THV, the lowest TVPG corresponded to the highest EOA (26
mm CoreValve: 1.66±0.05 cm2; 23 mm CoreValve: 1.44±0.05
cm2; 23 mm SAPIEN: 1.51±0.08 cm2; p<0.01).

Figure 7: Aortic Valve Area - Supra-annular SAPIEN deployment re-
sulted in increased EOA, whereas normal CoreValve deployment yielded the
largest EOA. The 26mm CoreValve performed slightly better than the 23mm
CoreValve at its optimal position. The error bars indicate standard deviation
and all relevant p-values are less than 0.01, except for comparisons among all
+3mm deployment conditions, and between -3mm and normal deployments for
the 23mm CoreValve, which were not significantly different.

3.4. Pinwheeling Index
PI values were computed as a means of quantifying the level

of excessive leaflet deformation occurring at each deployment,
and are presented as a mean standard deviation (n=10) in
Figure 8. The SAPIEN had the least amount of pinwheeling
when compared to both CoreValve sizes at all the deployment
positions (p<0.01). At the normal deployment position, the
26mm CoreValve had significantly larger (approximately 4.5
times) pinwheeling when compared to the 23mm CoreValve
(29.13±0.22% vs 6.57±0.14%; p<0.01). Representative ex-
treme pinwheeling cases for each valve can be seen in the sup-
plemental video.

Figure 8: Pinwheeling Index - Pinwheeling index values were computed as
a means of quantifying the level of excessive leaflet folding occurring in each
deployment. The error bars indicate standard deviation and all relevant p-values
were less than 0.01 except for comparisons among -6mm, -3mm, and normal
SAPIEN deployments, and between the normal 23mm CoreValve deployment
and control which did not show a significant difference.

3.5. Pullout forces

The pullout forces are reported as a mean standard devia-
tion (n=6). The pullout forces were measured only for supra-
annular THV deployments because for both the SAPIEN and
CoreValves the hemodynamic performance was sub-optimal at
sub-annular deployment (Figure 9). In all cases it was ob-
served that the pullout forces decreased with supra-annular de-
ployment. Furthermore at all deployment locations, the pullout
force was the highest for the 26mm CoreValve, followed by the
23mm SAPIEN, with the 23mm CoreValve having the lowest
pullout forces. None of the THVs experienced antegrade mi-
gration under any of the study conditions; however, the 23mm
CoreValve Evolut did migrate to an extreme sub-annular posi-
tion unless it was physically restrained (Figure 2).

Figure 9: Pullout Forces - The magnitude of force required to dislodge the
THV in VIV is shown as measured by a digital force gauge. The error bars
indicate standard deviation and all relevant p-values are less than 0.01, except
between 3mm and 6mm deployments of the 26mm CoreValve, normal and 3mm
deployments of the 23mm CoreValve, and normal and 3mm deployments of the
23mm SAPIEN.

In the case of the SAPIEN, retrograde migration was not
a concern because the supra-annular “flower pot” deployment
provides additional “geometric” resistance. Systolic hemody-
namic forces on the THV were estimated based on the work
from Dwyer et al. (22) and are detailed in our previous work (8).
A baseline safety threshold was computed to be 0.25 N by
Equations 4 and 5.

Maximum Systolic Fluid Force =
TVPG × A

0.75
(4)

A = GOAS AVR −GOAT AVR (5)

where GOAS AVR is the maximum surgical bioprosthesis GOA
based on the internal diameter of the valve, and GOAT AVR is
the geometric orifice area determined via en face imaging of
the deployed THV (Figure 4). This is interpreted as the amount
of force the fluid imposes on the THV under a peak systolic
gradient and represents the theoretical lower limit of pullout
force necessary to avoid antegrade embolization. Under a con-
servative diastolic gradient of 100 mmHg, however, the self-
expandable THVs could migrate toward the left ventricle, as
was seen with the 23mm CoreValve (Figure 2).
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Maximum Diastolic Fluid Force =
MAP × AS AVR

0.0133

≈
MAP × DS AVR

2

9550

(6)

where the mean arterial pressure (MAP) is the diastolic gradient
in mmHg, and DS AVR is the true internal diameter of the surgical
bioprosthesis in mm. This theoretical maximum diastolic fluid
force amounts to 4.62 N, which is in the similar range to that of
the 23mm CoreValve deployment pullout force measurements.

4. Discussion

In an in vitro model simulating VIV-TAVR in a 23mm sur-
gical bioprosthesis, we observed that THV hemodynamics met
VARC-2 definitions of success (21) for both the SAPIEN and
CoreValve THVs. However, hemodynamic performance var-
ied with THV type, size and deployment position. The results
of this study (Table 1) suggest that optimal VIV deployment
positions exist for both the balloon- and self-expandable THV
designs. These optimal positions were determined through an
analysis of benefits (mean gradient, valve area) and risks (par-
avalvular leak, leaflet deformation, and embolization risk). In
the case of the SAPIEN, the optimal position is at a supra-
annular deployment around 6mm above what is recommended
by the ViV Aortic guidance application (7). On the other
hand, the optimal deployment for the CoreValve exists at the
ViV Aortic application’s recommended implantation height. It
should be noted that while THVs were developed and tested un-
der current ISO standards, existing recommendations for VIV-
TAVR were not developed under such rigorous testing stan-
dards. In addition, a deployment that resulted in ”device suc-
cess” in this study is likely to be affected by the characteristics
of a stenotic, calcified bioprosthesis in vivo. Thus, these results
provide important information on where not to implant THVs,
and provide a guide for in vivo evaluation of possible deploy-
ment locations.

The improvement in gradients at supra-annular positions for
the balloon-expandable valve can be explained by a more com-
plete expansion of the distal portion of the THV, resulting in
a “flower pot” deployment. This finding is similar to our pre-
vious study, however the effects of supra-annular deployment
are not as drastic as the 20 mmHg reduction in mean TVPG
seen in a 19mm PERIMOUNT (8). However in the case of
the CoreValve, the leaflets are already in a supra-annular po-
sition (Figure 3), and thus are less constrained by the bio-
prosthesis and surrounding anatomy, resulting in optimal gra-
dients at the normal position. Furthermore, the IFU recom-
mended 26mm CoreValve had significantly lower gradients
when compared to the ViV Aortic application recommended
23mm CoreValve. This discrepancy highlights the need for
hemodynamic performance-based guidelines for VIV-TAVR, as
opposed to the ViV Aortic app guidelines, which are strictly

based on geometric observations. It also shows that an over-
sized THV could yield significant improvements in mean post-
procedural gradients. As expected, a higher EOA correlated
with a lower TVPG for all THVs at all positions.

The occurrence of regurgitation, especially in the form of
paravalvular leak, is an important concern for both native valve
and VIV-TAVR, since moderate or greater PVL has been as-
sociated with worse outcomes after TAVR (23, 24). The low-
est leakage was observed at the same positions that resulted in
the lowest TVPG, further supporting our recommendation for a
supra-annular deployment of the SAPIEN valve, and for a nor-
mal deployment of the CoreValve. The 23mm CoreValve valve
had substantially lower leakage than the 26mm CoreValve;
however, both THVs had less than 5% leakage at the normal de-
ployment position. This difference could be due to incomplete
expansion of the over-sized 26mm CoreValve in the semi-rigid
bioprosthesis. While THV oversizing results in higher rates of
conduction disturbances and annular rupture (25, 26), it has
been hypothesized that the “protective effect” of the surgical
bioprosthesis ring explains the lower rates of these complica-
tions observed with VIV-TAVR (3, 27). Although the leakage
for all the valves reported in this study would be classified as
mild to mild/moderate regurgitation (21, 28, 29), it should be
noted that the in vitro setting represents a conservative scenario.
Patient specific anatomical variations and leaflet calcification
profiles could result in sub-optimal expansion of the valve lead-
ing to higher PVL. Notably, for all valves the highest leakage
was observed at the lowest sub-annular position (-6mm), where
the sealing of the THV skirt is lower/minimal. Due to aortic
stenosis patients’ inability to tolerate PVL, it is critical to avoid
sub-optimal deployment during VIV-TAVR.

In the case of the CoreValve at sub- and supra-annular posi-
tions, the leaflets were observed to deform to a greater extent
when compared to the PERIMOUNT. Hence, the pinwheeling
index was developed as a novel metric to quantify the sever-
ity of this phenomenon. The very mild levels of leaflet defor-
mation exhibited by the control surgical valve were used as a
reference for an acceptable PI. The SAPIEN had a lower PI
when compared to both CoreValves at all deployment posi-
tions. The incomplete expansion of the over-sized CoreValve
could result in higher deformation of the THV stent and leaflets
leading to higher PI. A counter-intuitive finding of this study
was that supra-annular deployment of a 26mm CoreValve re-
sulted in higher gradients, yet little change in the PI than the
normal deployment. We speculate that due to the supra-annular
leaflet position of the CoreValve, the theoretical benefit of de-
creased leaflet distortion with a high deployment its lost due to
concomitant inlet constriction observed with this deployment
location (Figure 10). Higher pinwheeling is associated with in-
creased fatigue loading and accelerated failure of the biopros-
thetic leaflets (17). Recent in vitro work on understanding the
effect of valve oversizing during TAVR has demonstrated two
important results: first, the level of pinwheeling increased with
THV oversizing and second, increased pinwheeling was asso-
ciated with increased leaflet stress levels (30). While THVs are
oversized by necessity in order to generate adequate anchor-
ing force, excessively increased stress could lead to decreased
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Table 1: Compiled results

leaflet durability, and is a very important concern when con-
sidering TAVR for the lower-risk patient population. More de-
tailed in vitro and clinical studies are critically needed to de-
termine if such quantitative findings will have a deleterious ef-
fect on short-term (<5 years) and/or long-term ( 10 years) THV
durability. As medical imaging advances, such as high speed
4D CT citeMakkar2015b, it may be possible to quantify pin-
wheeling in vivo.

Figure 10: Supra-annular CoreValve Geometric Distortion -A 26mm CoreValve
in a 21mm orifice experiences inlet constriction when placed in a supra-annular
position (left), when -compared to the normal position (right).

In order to assess the safety of our hemodynamic
performance-based deployment recommendations, we evalu-
ated the risk of THV embolization. The highest pullout force
was observed at the normal position for all the THVs which
is due to the higher contact area between the THV and surgi-
cal bioprosthesis, which is consistent with previous work (8).

Due to the minimal systolic fluid forces on the THV, antegrade
migration does not appear to be a high risk concern. However
under a diastolic gradient, the valve which holds the highest risk
of retrograde embolization is the 23mm CoreValve, where the
pullout force at all positions were very close to the 4.62 N di-
astolic threshold. While a calcified bioprosthesis may provide
additional anchoring for the valve in vivo, this particular VIV
combination cannot be recommended by this in vitro study due
to observed retrograde migration (Figure 2) in a non-calcified
bioprosthesis. This finding underscores the need to weigh the
risks and benefits when using this valve combination in vivo.

5. Conclusions

We performed a controlled parametric in vitro study of VIV-
TAVR in a 23mm PERIMOUNT. Based on an analysis of bene-
fits (mean gradient, valve area) versus risks (paravalvular leak,
leaflet deformation, and embolization), the optimal deployment
for the 23mm SAPIEN valve is at +6mm supra-annular posi-
tion, and at the normal position for both the 23mm and 26mm
CoreValves. Furthermore, the 26mm CoreValve had better
hemodynamic performance than the 23mm CoreValve at the
normal position, but at the risk of higher PI and potentially
reduced leaflet durability. It is reassuring that all VIV-TAVR
deployments were consistent with the definitions of VARC-
2 procedural success (21). We acknowledge that extreme
supra-annular deployment may not always be possible based
on anatomical and procedural constraints, and that it may be
risky for operators with limited TAVR experience. In addition,
newer THV and surgical valve design features may pose addi-
tional challenges to be overcome in the pursuit of an optimal
VIV deployment. For instance, it is unknown what affect the
SAPIEN 3 skirt may have on forces resisting migration, as well
as inflow resistance in a high implantation VIV scenario. While
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this study has demonstrated the robustness of these THVs, it un-
derscores the need for rigorous performance- and safety-based
recommendations. The clinical, industrial, and regulatory com-
munities need to be aware that such risk/benefit analyses are
critical going forward for the use of THVs in VIV applications,
especially in the lower risk patient population.
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