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Abstract

OBJECTIVES: Transcatheter aortic valve replacement (TAVR) is established therapy for severe aortic stenosis patients with intermediate-,
high- and prohibitive-risk for surgery. A significant challenge when expanding TAVR to low-risk and younger patients is the unknown
long-term durability. High leaflet stresses have been associated with surgical bioprosthetic valve degeneration. In this study, we examined
the impact of changes in valve design across 3 generations of same-sized TAVR devices on stent and leaflet stresses.

METHODS: The 26-mm Edwards SAPIEN, 23, 26 and 29 mm SAPIEN XT (XT) and 26 mm SAPIEN 3 (S3) (n = 1 each) underwent micro-
computed tomography (micro-CT) scanning. Dynamic finite element computational simulations of 23–26 mm SAPIEN, 23–29 mm XT and
23–29 mm S3 were performed with physiological loading and micro-CT or scaled geometries.

RESULTS: Peak stresses were concentrated in the commissure area and along the bottom of the suture, representing areas most likely
to develop structural valve degeneration across TAVR generations. Latest-generation S3 showed greatest 99th percentile principal
stress on commissural leaflets for 26 and 29 mm, and increased stresses over XT for 23 mm. Percentage of higher stress areas within the
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leaflets steadily increased across generations, 3.8%, 3.9% and 5.7%, respectively, for 26 mm SAPIEN, XT and S3 with similar trend for
29-mm valves.

CONCLUSIONS: Using computational simulations based on high-fidelity modelling of balloon-expandable TAVRs, our study demon-
strated that maximum stress areas existed in similar leaflet locations across SAPIEN generations, while the latest model S3 had the highest
magnitude for both 26- and 29-mm valves. S3 also had the largest area of higher stresses than other generations, which would be prone to
degeneration. Our study coupled with future long-term clinical outcomes >10 years will provide insight on biomechanics of TAVR
degeneration.

Keywords: Transcatheter heart valve • Balloon expandable • Computational simulation • Durability

ABBREVIATIONS

micro-CT Micro-computed tomography
S3 SAPIEN 3
SAVR Surgical aortic valve replacement
SVD Structural valve degeneration
TAVR Transcatheter aortic valve replacement
THV Transcatheter heart valve
XT SAPIEN XT

INTRODUCTION

Transcatheter aortic valve replacement (TAVR) is established as
the standard of care for inoperable, high- and intermediate-risk
patients with severe symptomatic aortic stenosis [1–3]. In recent
randomized clinical trials of low-risk aortic stenosis patients,
self-expanding TAVR demonstrated non-inferiority to surgical
aortic valve replacement (SAVR) at 2 years, while balloon-
expandable TAVR showed superiority to SAVR with respect to
composite outcomes of death, stroke, and rehospitalization at
1 year [4, 5]. With such excellent clinical outcomes, TAVR will
expand to low-risk patients who typically are younger; yet,
TAVR durability is unknown. Follow-up of these clinical trials
for TAVR versus SAVR durability will require a minimum of
15 years.

In the meantime, from a biomechanical perspective, valve
design influences durability [6]; and high stress levels on valve
leaflets have been demonstrated to be associated with early
degeneration of surgical bioprostheses [7–9]. Leaflet stresses,
which cannot be measured clinically, may be determined us-
ing advanced computational simulations. We have previously
performed computational studies of selected transcatheter
heart valve (THV) designs and sizes to determine THV leaflet
stresses under quasi-static loading [10–12]. The objective of
the current study was to quantify and compare stresses on 3
generations of balloon-expandable THVs under dynamic phys-
iological loading conditions to understand the iterative influ-
ence of changes in valve design. Our results lay the foundation
for a biomechanical understanding of long-term TAVR
durability.

MATERIALS AND METHODS

In order to develop a computational model to accurately com-
pare stress, precise three-dimensional geometry in a zero-stress
state, material properties of each component, boundary condi-
tions and physiological loading conditions in finite element simu-
lation are required.

Transcatheter heart valve geometry

Eight total THVs of 3 sizes were simulated for the current study—
23 and 26 mm SAPIEN; 23, 26 and 29 mm SAPIEN XT (XT); and
23, 26 and 29 mm SAPIEN 3 (S3). We previously described the
method of THV geometry development [10–12]. In brief, com-
mercial 26 mm SAPIEN, XT and S3 (n = 1 each) and 23 and
29 mm XT (n = 1 each) THVs (Edwards Lifesciences, Inc., Irvine,
CA, USA) (Table 1) underwent micro-computed tomography (mi-
cro-CT) scanning in different orientations and settings to distin-
guish stent and leaflet geometries. High-resolution radiological
images were manually segmented to obtain the most accurate
representation of stent and leaflets. Reconstructed geometries
were then refined to generate the precise geometry of the fully
expanded THV assembly, consisting of stent, Dacron covering,
suture and bovine pericardial leaflets. S3 had an additional exter-
nal skirt around the stent bottom. Geometry of the 26 mm
SAPIEN, XT and S3, and the 23 and 29 mm XT was reconstructed
based on micro-CT scans, while the geometry of 23 mm SAPIEN
was scaled from 26 mm SAPIEN, and 23 and 29 mm S3 were
scaled from the 26 mm S3.

Finite element analysis

Geometry of leaflets and Dacron was then meshed into shell ele-
ments, while the stent was meshed into hexahedral solid ele-
ments. Mesh convergence studies were performed to optimize
the mesh size. Based on the convergence studies, the element
sizes were selected and total number of elements listed in
Table 1 (Fig. 1A). Suture connections between different compo-
nents were simulated to enable accurate representation of the as-
sembly between leaflet and stent, leaflet and Dacron and Dacron
and stent [10–12].

Finite element simulation of each THV under dynamic physio-
logical loading of systemic pressure was implemented in
ABAQUS solver (Dassault Systemes, Waltham, MA, USA). Material
properties of THV leaflets [13] and the constitutive material
model have been described in previous studies [10–12]. The leaf-
let thickness was measured using a digital calibre. The thinnest
thickness measured from each valve was 0.24 mm. For each valve
model, the leaflet thickness was then set to 0.24 mm. The current
study thus corresponds to the highest leaflet stress potential for
each valve design. Contact between each pair of contact compo-
nents was defined to most closely represent the contact interac-
tion behaviour [10–12]. Leaflets and stent were loaded to
physiological cycles of systemic pressures in the fully expanded
configuration. After initial pressurization, cardiac cycles of
800-ms duration were applied and stresses were computed for
each THV.
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Statistical analysis

Statistical analysis was performed using R (R 3.5.1). Wilcoxon
Rank-Sum test was used to compare peak stresses of different
SAPIEN generations. A 2-sided P-value <0.05 was considered sta-
tistically significant. The 99th percentile stresses [14] were
reported and used for statistical analysis. The 99th percentile
stresses have previously been demonstrated more reproducible
than maximum stresses because it avoids non-physiological peak
stresses that can occur due to inhomogeneities in the mesh. For
simplicity, maximum principal stresses will hereafter indicate the
99th percentile principal stresses. A repeatability study was car-
ried out by 2 independent investigators for a subset of all XT sizes
and the variation of the peak stress was within 5%. Details of the
repeatability study can be found in our previous study [15].

RESULTS

Maximum principal stresses (tension forces) and minimum prin-
cipal stresses (compression forces), location and magnitude of
peak principal stresses at diastolic pressure (80 mmHg) are
reported. Maximum principal stress values correspond to tensile
stress where THV leaflets stretch to the closed configuration,
while minimum principal stresses represent leaflet bending
where redundant tissue is compressed. For 26-mm THV leaflets,
maximum principal stresses across the entire leaflet, including su-
tured regions, were 1.61, 1.36 and 1.63 MPa, respectively, for
SAPIEN, XT and S3 at 80 mmHg (Fig. 2A–C). Minimum principal

stresses across the entire leaflet were -0.25, -0.15 and -0.15 MPa
for SAPIEN, XT and S3, respectively (Fig 2D–F). Maximum and
minimum principal stresses for each subregion are listed
(Table 2). The sutured edges held the maximum and minimum
principal stresses for the entire leaflet assembly in each THV gen-
eration. Peak stresses occurred at tips of leaflet commissures at-
tached to the stent in S3 (Fig. 1B) and occurred at the bottom
suture of leaflets in SAPIEN and XT. Stresses at the commissure
area of SAPIEN and XT were attenuated by leaflet attachment to
the radial bar. In contrast, regions of free leaflet margin at the
top and leaflet belly had relatively lower peak stresses.

In addition to magnitude of peak stresses, the areas of high
stress concentration were also determined. High stress levels
were defined as stress level over the cut-off value of mean plus
1.75 times of the standard deviation of total leaflet stresses.
Percentages of high-stress areas on the leaflets were 3.8%, 3.9%
and 5.7% for 26 mm SAPIEN, XT and S3, respectively. Mean leaf-
let stresses were 0.31 ± 0.22 MPa for all 26-mm THV models. The
26-mm THV stress distributions were significantly different be-
tween SAPIEN and XT (P < 0.0001), SAPIEN and S3 (P < 0.0001)
and XT and S3 (P < 0.0001). A histogram of stress distribution on
the leaflets for each THV of the 3 generations is shown (Fig. 3).

Similarly, the stress distribution on 23- and 29-mm THV leaf-
lets across generations showed a similar trend to the 26-mm
THVs. For the 29-mm THV, peak leaflet stresses were 1.88 MPa
for S3 versus 1.02 MPa for XT. SAPIEN was only created with 23
and 26 mm sizes and did not have a 29 mm size. For the 23-mm
THVs, peak leaflet stresses increased from XT to S3, 1.21 MPa on
S3 and 1.11 MPa on XT, but was highest 1.47 MPa on SAPIEN.

Table 1: Characteristics of 3 generations of SAPIEN valves

SAPIEN SAPIEN XT SAPIEN 3

Leaflet thickness averaged (min–max) (mm) 0.32 (0.24–0.36) 0.32 (0.24–0.37) 0.26 (0.24–0.26)
Leaflet surface area (mm2) 756–965 775–1236 883–1414
Leaflet curvaturea (/mm) 0.19–0.22 0.15–0.29 0.19–0.34
Commissure connection Radial stent Radial stent Circumferential stent
Stent material Stainless steel Cobalt-chromium Cobalt-chromium
Stent design 4 layers 3 layers 5 layers
Leaflet element number 21 510 20 988 20 988
Stent element number 5892 6336 6168
aLeaflet curvature is the reciprocal of the radius R.

Figure 1: (A) Representative mesh of 26 mm SAPIEN XT; (B) commissure-stent attachment of SAPIEN and SAPIEN XT versus SAPIEN 3; and (C) subregions of balloon-
expandable transcatheter heart valve leaflet.
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Histograms of the stress distribution demonstrated a similar
trend as the 26-mm THVs. The 29-mm S3 had the largest per-
centage of leaflet area with higher stress levels (7.9%), while both
23 mm XT and 23 mm S3 had larger percentage of leaflet area
with higher stress levels (3.7% and 3.8%).

For the 26-mm stent, maximum principal stresses at diastolic
pressure were 42.05, 29.19 and 24.34 MPa on SAPIEN, XT and S3,
respectively. Minimum principal stresses at diastolic pressure
were -44.5, -31.17 and -25.94 MPa on SAPIEN, XT and S3, re-
spectively (Fig. 4). Peak stresses on the stent occurred close to
where the THV was deployed and constrained above the annulus
and also occurred on the distal struts. For the 23-mm THVs, max-
imum principal stresses at diastolic pressure were 42.40, 30.51
and 23.79 MPa and minimum principal stresses at diastolic pres-
sure were -45.29, -29.64 and -25.55 MPa on SAPIEN, XT and S3,

respectively. Similarly, for the 29-mm THV, maximum principal
stresses at diastolic pressure were 28.77 and 24.24 MPa and mini-
mum principal stresses at diastolic pressure were -30.25 and
-25.87 MPa on XT and S3, respectively.

DISCUSSION

In this study, we examined leaflet stresses across 3 generations of
balloon-expandable SAPIEN THV devices through computational
simulation as a surrogate to compare long-term durability based
upon valve design. We found that with valve design iterations,
the latest third-generation S3 in general had the highest peak
stresses for 26- and 29-mm THVs and the largest area of higher
stresses for 26- and 29-mm THVs compared to the prior 2

Figure 2: Maximum principal stresses on leaflets of 26 mm (A) SAPIEN, (B) SAPIEN XT and (C) SAPIEN 3 and minimum principal stresses on leaflets of 26 mm (D)
SAPIEN, (E) SAPIEN XT and (F) SAPIEN 3. Arrow indicates the location of the maximum or minimum stress.

Table 2: Maximum and minimum principal stresses on leaflet regions with closed configuration

Max principal stress 99th percentile (MPa) Min principal stress 99th percentile (MPa)

SAPIEN XT S3 SAPIEN XT S3

26 mm
Upper leaflet 0.98 0.88 1.63 -0.29 -0.06 -0.15
Lower leaflet 0.74 0.82 0.73 -0.1 -0.07 -0.04
Suture 1.61 1.36 1.22 -0.09 -0.15 -0.08
Stent 42.05 29.19 24.34 -44.5 -31.17 -25.94

23 mm
Upper leaflet 0.91 1.11 1.21 -0.27 -0.08 -0.1
Lower leaflet 0.64 0.46 0.68 -0.09 -0.05 -0.04
Suture 1.47 0.88 1.06 -0.1 -0.18 -0.06
Stent 42.40 30.51 23.79 -45.29 -29.64 -25.55

29 mm
Upper leaflet 1.02 1.88 -0.08 -0.16
Lower leaflet 0.58 0.81 -0.05 -0.06
Suture 1.02 1.56 -0.12 -0.08
Stent 28.77 24.24 -30.25 -25.87

S3: SAPIEN 3; XT: SAPIEN XT.
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Figure 4: Maximum principal stresses on stent of 26 mm (A) SAPIEN, (B) SAPIEN XT and (C) SAPIEN 3 and minimum principal stresses on stent of 26 mm (D) SAPIEN,
(E) SAPIEN XT and (F) SAPIEN 3. Arrow indicates the location of the maximum or minimum stress.

Figure 3: Histogram of maximum stress on leaflets of 23, 26 and 29 mm SAPIEN, SAPIEN XT and SAPIEN 3.
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generations. The 23-mm first-generation SAPIEN had the highest
stresses compared to both second and third generations, while
both 23 mm XT and S3 had the largest area of higher stresses.
These areas of higher peak stresses would be subject to early
structural valve degeneration (SVD). Clinical degeneration data as
they become available combined with our analysis will improve
our biomechanical understanding of long-term THV durability.

Structural valve degeneration

SVD is a complex process impacted by multiple factors, in addi-
tion to leaflet stresses, such as deployed patient-specific geome-
try, younger patient age and prosthesis–patient mismatch [6–9,
16, 17]. SVD of bioprosthetic valves presents as thickening, calcifi-
cation and tearing of the valve, or disruption of valve microstruc-
ture resulting in stenosis or regurgitation [6, 7, 17]. Since SAPIEN
was approved in USA in 2011, US patients received SAPIEN, then
XT, and more recently, S3. Five-year outcomes of PARTNER trial
revealed no SVD with maintenance of low gradients and in-
creased valve area [1, 2]. While short-term outcomes have signifi-
cantly improved with iterative generations of SAPIEN, questions
remain regarding long-term durability as TAVR expands to youn-
ger intermediate- and low-risk patients. Despite the first TAVR in
2002, little data exist for long-term outcomes >10 years because
of the advanced age of patients (average 80 years old) in the orig-
inal randomized trials. Vast majority of these elderly patients
died within 5 years of TAVR and hence too few remaining
patients were alive >5 years to appropriately comment on dura-
bility [18]. In contrast, a long-term study of Carpentier-Edwards
Perimount pericardial surgical bioprosthesis implanted between
1984 and 2008 showed actuarial freedom from SVD at 10, 15
and 20 years of 94%, 79% and 49%, respectively [19].

Increased leaflet stresses, among clinical risk factors, may initi-
ate and accelerate SVD, and have been shown to correlate with
calcific degeneration, thickening or leaflet tearing [6, 9, 17].
Generally, the higher stresses concentrated on the commissure
suture and bottom suture area for all 3 generations of THVs.
Those areas may be highly prone to SVD—calcification, thicken-
ing or tearing. Early evidence showed that the location of calcifi-
cation in surgical bioprosthetic aortic valves was along the
bottom edge and commissure areas [20]. With future clinical evi-
dence of THV SVD, we can better understand the effect of me-
chanical stress on SVD. Collagen fibre fixation, a standard
pretreatment process for all bioprostheses, prevented normal
structural internal rearrangements, causing increased tissue rigid-
ity and greater mechanical stresses during opening and closing
compared to native valve leaflets. Design-related mechanical
stresses were identified as important causes of SVD [6, 7, 16, 17].
On the one hand, areas of calcification correlated to areas of
high mechanical stresses in bioprostheses. On the other hand,
tearing and rupture of leaflets were often spatially distributed in
areas of calcium deposition. Tearing occurred at locations of in-
creased mechanical deformations during leaflet motion. Thus,
understanding THV leaflet stresses is the first step towards under-
standing THV long-term durability.

Valve design and stress

Previous studies of Edwards 25-mm Perimount surgical biopros-
theses found leaflet stresses ranging from 544.7 to 663.2 kPa at
120 mmHg under quasi-static conditions [7]. The elevated stress

levels of all THV leaflets seen here in comparison are in part due
to the reduced thickness of the leaflet. For S3, peak stresses were
on the commissure suture, which was affected by the stent de-
sign as shown in Fig. 1B. TAVR devices rapidly developed over
the past decade with each subsequent generation designed to fa-
cilitate technical implantation and to optimize procedural out-
comes. SAPIEN THVs were designed with bovine pericardium
treated by the same anti-calcification processes as the surgical
Carpentier-Edwards aortic pericardial valves [10–12]. THV leaflets
were processed to be thinner, approximately half that of surgical
bioprostheses (Table 1) [13] to facilitate reduction in profile of
the XT and S3 delivery systems. We found overall leaflet stresses
with SAPIEN THVs increased based upon reduced leaflet thick-
ness and valve design changes across generations and compared
to surgical bioprostheses [7]. XT modified SAPIEN’s fully open
leaflet design to semi-closed leaflet to reduce complications of
intravalvular leakage from leaflets stuck in the open position. As
such, SAPIEN leaflets are less curved and flatter along the annulus
and suture line to the stent (Fig. 2), whereas XT leaflets are more
curved and U shaped as they attach to the Dacron and stent.
Third-generation S3 added an outer sealing skirt to reduce para-
valvular leakage. S3 leaflets are similar in shape to those of XT,
but S3 are sutured to the circumferential stent rather than su-
tured through a radial bar to the stent in SAPIEN and XT
(Fig. 1B). This change maximized effective orifice area and
allowed more radial flexibility of the leaflets with extended free
edges, but led to increased stresses on the commissures of S3
compared to SAPIEN and XT, where maximum principal stresses
were along the leaflet bottom. The leaflets’ free edges where the
3 leaflets coapted had low stress magnitude. Low stress reflected
minimum pressure and deformation in this area in the closed
configuration. S3 had the largest area of low stress distribution in
the coaptation area due to its leaflet shape and curvature, and
thus calcification would be less likely at the free edge.

Stress differences found on the THV stent across generations
were caused by different stent materials and frame design. First-
generation SAPIEN stent was made of stainless steel with
diamond-shaped open cell lattices and uniform layout in the cir-
cumferential and longitudinal directions. Six struts 120� apart
were aligned along the radial direction towards the centre.
Subsequently, the delivery systems were developed with smaller
profiles, and SAPIEN was superseded by low-profile XT, with a
cobalt-chromium alloy frame, which allowed a thinner, stronger
and compressible frame with more open strut structure than its
predecessor. XT open cell lattices were large with 3 layers of re-
peated pattern instead of 4 in SAPIEN. S3 stent has larger and
fewer open cell lattices allowing further size reduction of delivery
system to 14 Fr for transfemoral implantation with the same co-
balt-chromium material. S3 has non-uniform open cell lattice
with much larger openings distally to allow for easy access for
percutaneous coronary intervention.

Prior THV computational simulations showed similar magni-
tudes of THV leaflet stresses as our study [21–23]. When compar-
ing our study to earlier computational studies, variations in THV
leaflet stresses are largely accounted for by differences in material
properties, generic versus precise geometry, THV diameter and
leaflet thickness. Early computational simulations on THV leaflets
lacked precise three-dimensional geometry of the commercial
THV leaflets sutured to the stent compared to our study. Average
leaflet stresses on a generic 23-mm-diameter THV were 1.56 MPa
with peak of 2.52 MPa [21]. Furthermore, leaflet stresses were
also impacted by quasi-static versus physiological dynamic blood
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pressure loading conditions. Notably, our prior THV simulations
of different-sized THVs reported peak [10–12] rather than 99%
peak leaflet stresses. Also, the current study is dynamic simula-
tions which could yield higher peak stresses than quasi-static
loading in our previous studies. Estimated TAVR durability was
also highly dependent on leaflet thickness. Leaflet stresses de-
creased with increasing tissue thickness during simulations of
thin pericardial THV bioprosthetic valve leaflet deformation un-
der static pressure-only loading conditions [22]. Previous studies
also showed both THV undersizing [22] and oversizing [11], and
irregular deployment [12] resulted in stress variations along dif-
ferent regions of the bioprosthetic valve. However, no prior study
examined the influence of valve design across THV generations
on leaflet stresses using a consistent THV nominal size to under-
stand baseline differences in leaflet stresses prior to patient-
specific deployment as we have demonstrated here.

In addition, a fatigue simulation of bioprosthetic heart valve
suggested that TAVR durability is expected to be 7.8 years [23].
The SAVR failure point was 28N and they assumed that SAVR
had a durability of 20 years. Thus, for TAVR, with a 9N state rep-
resenting 82% of the fatigue life, the expected durability of THVs
was proportionally scaled to be 7.8 years. For both valves in their
simulation, peak leaflet damages were predicted near the com-
missures and along the stent attachments which is consistent
with the peak stress region in our study.

As we await long-term 10- to 15-year THV clinical outcomes
in <80-year-old patients, finite element studies which examine
leaflet stresses in generations of THV designs provide critical in-
formation to understand the impact of THV design changes on
long-term durability. In this study, we demonstrated that design
improvements to facilitate clinical implantation, i.e. changes in
design to allow reduced THV profile, also had effects on stent
and leaflet stresses such that the latest-generation S3 had the
highest leaflet stress compared to earlier generations in 26- and
29-mm THVs.

Limitations

Our study did not take into account the process of crimping and
ballooning, as THV geometry after deployment is variable and
understanding the impact of THV design changes across genera-
tions required consistent manufactured geometry. The crimping
and ballooning process leads to plastic deformation on the stent.
Such plastic deformation was not modelled in our current work
and will be addressed in the future. Crimping physically damages
THV leaflets, which may weaken leaflets and increase leaflet
stress [24]. We did not destroy our THVs to test their leaflets for
exact material properties, given the rarity of obtaining THVs and
need for future THV experimental in vitro tests. As such, we uti-
lized excised leaflets from surgical bioprostheses to determine
material properties for THV leaflets, but with leaflet thickness di-
rectly incorporated from THV. The thinness of THV leaflets
accounts for its reduced strength and higher stresses. Notably, as
the leaflet material properties remained constant among the 3
THV generations, we expect the trends seen in our results to be
representative of those seen with THV leaflet material properties.
As stent and leaflet stresses cannot be directly measured, our
stress analyses cannot be experimentally validated. It is noted
that the patient-specific configuration such as the calcified native
valves and THV deployed shape could lead to non-trivial varia-
tion of the leaflet and stent stresses. The irregular configuration

also can induce turbulence which is beyond the scope of the cur-
rent study. Patient-specific THV deployment with calcified native
valves will be included in future study. However, given that our
purpose was to understand the impact of device design changes
as THV generations evolved, patient-specific simulations would
have presented as a confounder and clearer interpretation of de-
sign changes is reflected in this ex vivo study of nominal manu-
factured THVs. Lastly, we cannot comment on THV stress
variation within generations due to limited THV supply, but an-
ticipate that commercial manufacturing processes require strict
adherence to reproducibility of valve production.
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