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Abstract

Background: Given enough time, transcatheter heart valves (THVs) will degenerate and may require rein-
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A S tervention. Redo transcatheter aortic valve implantation (TAVI) is an attractive strategy but carries a risk of

¢ degenerative valve

® non-invasive
imaging

¢ paravalvular leak

o TAVI

e valve-in-valve

coronary obstruction.

Aims: We sought to predict how many TAVIs patients could undergo in their lifetime using computed
tomography (CT) simulation.

Methods: We analysed paired CT scans (baseline and 30 days post-TAVI) from patients in the LRT trial
and EPROMPT registry. We implanted virtual THVs on baseline CTs, comparing predicted valve-to-cor-
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onary (VTC) distances to 30-day CT VTC distances to evaluate the accuracy of CT simulation. We then
simulated implantation of a second virtual THV within the first to estimate the risk of coronary obstruction
due to sinus sequestration and the need for leaflet modification.

Results: We included 213 patients with evaluable paired CTs. There was good agreement between virtual
(baseline) and actual (30 days) CT measurements. CT simulation of TAVI followed by redo TAVI predicted
low coronary obstruction risk in 25.4% of patients and high risk, likely necessitating leaflet modification,
in 27.7%, regardless of THV type. The remaining 46.9% could undergo redo TAVI so long as the first THV
was balloon-expandable but would likely require leaflet modification if the first THV was self-expanding.
Conclusions: Using cardiac CT simulation, it is possible to predict whether a patient can undergo mul-
tiple TAVI procedures in their lifetime. Those who cannot may prefer to undergo surgery first. CT simu-
lation could provide a personalised lifetime management strategy for younger patients with symptomatic
severe aortic stenosis and inform decision-making. ClinicalTrials.gov: NCT02628899; ClinicalTrials.gov:
NCT03557242; ClinicalTrials.gov: NCT03423459.
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Abbreviations
BEV balloon-expandable valve

CT computed tomography

SEV self-expanding valve

TAVI transcatheter aortic valve implantation
THV transcatheter heart valve

VTA valve-to-aorta

VTC valve-to-coronary

Introduction

Younger patients with symptomatic severe aortic stenosis (AS) who
require (or request) a bioprosthetic valve will likely require more
than one aortic valve replacement in their lifetime. Depending on
their aortic root anatomy and the choice of transcatheter heart valve
(THV), some patients should be able to undergo multiple transcath-
eter aortic valve implantation (TAVI) procedures in their lifetime.
However, some patients may only be able to have one TAVI proce-
dure because redo TAVI risks coronary obstruction. Knowing this
in advance could inform patients’ decision-making in favour of sur-
gical aortic valve replacement (SAVR) first, with the possibility of
valve-in-valve TAVI later if needed. Previous computed tomogra-
phy (CT) simulations have evaluated the risk of sinus sequestration
and coronary obstruction in patients who have already undergone
TAVI'S, At-risk patients may require adjunctive leaflet modifica-
tion prior to redo TAVI to preserve coronary flow”!!. Herein, we
sought to use patients’ baseline CT scans to predict how many TAVI
procedures they could undergo in their lifetime using datasets from
the LRT trial (Low-Risk Transcatheter Aortic Valve Replacement
[TAVR]: NCT02628899, NCT03557242) and the EPROMPT reg-
istry (CoreValve Evolut Pro Prospective Registry: NCT03423459).

Editorial, see page 357

Methods
The LRT trial was the first trial in the United States to evaluate the
safety and feasibility of TAVI in low-risk patients using commer-
cially available balloon-expandable valves (BEVs) or self-expand-
ing valves (SEVs). The LRT trial design and clinical results have
been described previously'>">. The EPROMPT registry is a multi-
centre, prospective registry of patients with symptomatic severe tri-
cuspid AS undergoing TAVI using a commercially available SEV'¢,
THVs included in our analyses were the SAPIEN 3 (Edwards
Lifesciences) and the CoreValve Evolut PRO/PRO+ (Medtronic).
All patients in the LRT trial and those in the CT cohort of the
EPROMPT registry underwent baseline and 30-day post-TAVI CT
scans (Figure 1). The CT software used to perform our analyses
was IntelliSpace Portal (Philips) and Synapse 3D (Fujifilm). Details
of the CT acquisition protocol are described in Supplementary
Appendix 1, Supplementary Appendix 2. The research protocols for
the LRT trial and the EPROMPT registry were approved by the rel-
evant Institutional Review Boards.

The purpose of this study was to simulate not one but two TAVI
procedures (TAVI followed by redo TAVI) and to predict the risk
of coronary obstruction. The predominant mechanism of coronary

obstruction in this scenario is sinus sequestration, defined as com-
plete isolation of a sinus of Valsalva from aortic blood flow. Sinus
sequestration is a common mechanism of coronary obstruction
following redo TAVI as the displaced THV leaflets are pinned
outward in the open position by the second THV, creating a cov-
ered stent. For patients with unfavourable anatomy (low and nar-
row sinuses of Valsalva), this covered stent risks sequestering the
sinus and obstructing blood flow to the coronary arteries that arise
therein. We deliberately did not investigate challenges to selec-
tive coronary catheterisation following TAVI or redo TAVI in this
study, as described in other studies'’. Additionally, because cur-
rent-generation THVs do not allow for precise commissural align-

ment, we elected not to factor this into the simulation.

STEP 1: CT SIMULATION OF FIRST TAVI USING BASELINE
CT SCANS

To determine the accuracy of CT simulation of first TAVI, we virtu-
ally implanted on baseline CT scans the THV each patient actually
received (BEV or SEV) and compared predicted virtual valve-
to-coronary (VTC) distances with actual VTC measurements on
30-day post-TAVI CT scans (Figure 1). The virtual THV implant
was sized according to the native aortic annulus (area and perim-
eter were measured), and virtual implantation depth was selected
according to contemporary TAVI techniques: 1) for BEV, an 80:20
implantation depth was used; and 2) for SEV, an implantation depth
of 4 mm was used. Virtual VTC distances were then measured from
the virtual valve to the ostia of both coronaries. We compared the
degree of agreement between the predicted VTC distances on base-
line CTs and actual VTC distances on 30-day CTs.

STEP 2: CT SIMULATION OF REDO TAVI USING BASELINE

CT SCANS

To predict the feasibility of redo TAVI, we implanted a virtual

covered stent on baseline CT scans. The diameter and height of

the virtual covered stent was determined by the type of THV

(BEV vs SEV), the combination of redo TAVI THV permutations

(e.g., BEV-in-BEV, SEV-in-SEV, etc.), and the height at which

the leaflets would be pinned in the open position (Supplementary

Table 1). The minimum distances from this covered stent to the

aorta wall above each coronary were defined as the virtual valve-

to-aorta (VTA) distances. We classified the redo TAVI risk of
sinus sequestration (Supplementary Figure 1) as follows:

a) Low risk: feasible without leaflet modification (VTC >4 mm
and VTA >2 mm for both coronaries and/or coronary ostia that
arise above the pinned leaflet plane);

b) Intermediate risk: feasible but may require leaflet modification
(any other VTC/VTA combination);

c¢) High risk: feasible but very likely to require leaflet modification
(VTC <4 mm and VTA <2 mm for both coronaries).

In two scenarios (BEV-in-BEV and SEV-in-BEV), the diam-
eter and height of the virtual covered stent was predicted to be
the same regardless of the type of the second THV. In SEV-in-
SEV, the virtual covered stent was predicted to be the height of the
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Patients included in the LRT and EPROMPT trials with evaluable paired computed tomography
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Figure 1. Study design. CT: computed tomography; TAVI: transcatheter aortic valve replacement, VTA: valve-to-aorta;

VTC: valve-to-coronary

pinned leaflet plane of the first THV. In the final scenario (BEV-
in-SEV), we simulated the BEV aligned with the inflow of the
SEV, which theoretically maximises leaflet overhang, which we
estimated may lower the pinned leaflet plane and, thus, the vir-
tual covered stent by approximately 5 mm compared to SEV-in-
SEV. However, in most patients, BEV-in-SEV was also predicted
to expand the original SEV waist, which we accounted for by wid-
ening the diameter of the virtual covered stent.

STEP 3: CT SIMULATION OF REDO TAVI USING 30-DAY CT
SCANS

To validate the redo TAVI simulation, we implanted virtual BEV-
in-BEV for patients who actually received a BEV as their first
TAVI (n=105) and virtual SEV-in-SEV for patients who actually
received an SEV as their first TAVI (n=108), using their actual
30-day CT scans with THV in situ.

STATISTICAL ANALYSIS

Continuous variables are presented as meantstandard deviation.
Categorical variables are presented as n/N (%). Bland-Altman plots
were used to evaluate agreement between predicted and actual CT

measurements as well as to evaluate interobserver variability.

Results

STUDY POPULATION

A total of 213 patients with evaluable paired CT scans (baseline
and 30 days post-TAVI) were included in the analysis. Table 1

BEV-in-SEV SEV-in-SEV

Table 1. Baseline characteristics.

Age, years 76.1+£7.2
Male 115/213 (54)
Body mass index, kg/m? 30.6+7.3

New York Heart Association Functional
Class Il or IV

67/213 (31.5)

STS-PROM score, %

2.7£2.9

Diabetes mellitus

59/213 (27.7)

Renal insufficiency*

20/213 (9.4)

Hypertension

187/213 (87.8)

Peripheral vascular disease

9/213 (4.2)

Cerebrovascular disease

14/213 (6.6)

Prior stroke or transient ischaemic attack

10/213 (4.7)

Chronic lung disease

18/213 (8.5)

Prior percutaneous coronary intervention

39/213 (18.3)

Prior coronary artery bypass grafting

10/213 (4.7)

Pre-existing permanent pacemaker

10/213 (4.7)

Prior myocardial infarction

13/213 (6.1)

Arrythmia

51/213 (23.9)

Mortality.

Values are meanzstandard deviation or n/N (%). *Renal insufficiency
defined as glomerular filtration rate <60 mL/min/1.73 m? or dialysis
dependent. STS-PROM: Society of Thoracic Surgeons Predicted Risk of

summarises their baseline characteristics. Supplementary Table 2
and Supplementary Table 3 summarise native aortic root CT meas-
urements. Of the 213 included patients, 105 actually received

-
c
5
2
=
=
@
L
<
@
=1
=
o
=
Ny
o
N}
I
2
o
o
S
o
o
o
i
=
o




-
c
S
=
=
=
@
2
<
@
-
=
5
=
Ny
o
N
o
2
oo
o
S
(=}
o
o
>
=
o

a BEV and 108 actually received an SEV (Figure 1). No patient
actually underwent redo TAVI within 30 days.

STEP 1: CT SIMULATION OF FIRST TAVI

The implantation depth goal of <20% ventricular with BEV was
achieved in 74.3% (n=78/105) of patients and the goal of 3-5 mm
with SEV was achieved in 68.5% (n=74/108) of patients on
30-day post-TAVI CT. Despite this, predicted VTC using baseline
CT demonstrated excellent agreement to actual VTC using 30-day
post-TAVI CT in patients who received a BEV (n=105; left VTC
bias: —0.53 mm and right VTC bias: 1.45 mm) and patients who
received an SEV (n=108; left VTC bias: 0.51 mm and right VTC
bias: 0.88 mm) (Figure 2, Supplementary Table 2, Supplementary
Table 3). Additionally, we demonstrated acceptable interob-
server variability for predicted VTC distances in a random subset
(Supplementary Figure 2).
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STEP 2: CT SIMULATION OF REDO TAVI USING BASELINE
CT SCANS

If the first THV implanted was a BEV, we predicted that redo TAVI
should be feasible, regardless of the type of the second THV (BEV
or SEV), without the need for leaflet modification in 72.3% of
patients (154/213) and would likely require leaflet modification in
27.7% of patients (59/213) (Figure 3). If both the first and second
THVs were SEVs, we predicted that redo TAVI should be feasi-
ble without the need for leaflet modification in 25.4% of patients
(54/213) but would likely require leaflet modification in 74.6% of
patients (159/213) (Figure 3). If the first THV was an SEV and the
second was a BEV, we predicted that redo TAVI should be feasi-
ble without the need for leaflet modification in 8.9% of patients
(19/213) and would likely require leaflet modification in 91.1% of
patients (194/213). Overall, 25.4% of patients (54/213) had anatomy
that should allow for TAVI followed by BEV-in-BEV, SEV-in-BEV

Balloon-expandable transcatheter heart valve
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Figure 2. Bland-Altman plots of predicted valve-to-coronary (VTC) on baseline computed tomography (CT) compared to actual VTC on
30-day CT in patients who received A) the balloon-expandable transcatheter heart valve (THV; left VTC bias: —0.53 mm and right VTC
bias: 1.45 mm) or B) the self-expanding THV (left VTC bias: 0.51 mm and right VIC bias: 0.88 mmy). Only patients whose coronary ostia

arose below the pinned leaflet plane were included in this analysis.
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Determining the future risk of sinus sequestration with TAVI-in-TAVI using baseline computed tomography

(n=213)
[
l Virtually implanted
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leaflet modification leaflet modification

leaflet modification ~ leaflet modification  leaflet modification  leaflet modification

Figure 3. CT simulation of serial TAVI procedures with different combinations of THV. BEV: balloon-expandable valve; CT: computed
tomography,; SEV: self-expanding valve; TAVI: transcatheter aortic valve replacement; THV: transcatheter heart valve

or SEV-in-SEV with a low risk for sinus sequestration and no need
for leaflet modification. Additionally, 46.9% of patients (100/213)
had anatomy that should allow for TAVI followed by BEV-in-
BEV or SEV-in-BEV with a low risk for sinus sequestration and
no need for leaflet modification but would likely require leaflet
modification prior to SEV-in-SEV. Finally, the remaining 27.7%
of patients would be high risk for sinus sequestration and would
likely require leaflet modification prior to the second procedure

Balloon-expandable transcatheter heart valve

Future TAVI-in-TAVI feasible Future TAVI-in-TAVI would
without leaflet modification require leaflet modification

Pre-TAVI CT 30-day CT Pre-TAVI CT

regardless of the combination of THVs (Figure 3, Central illustra-
tion). Representative CT scans can be found in Figure 4.

STEP 3: CT SIMULATION OF REDO TAVI USING 30-DAY CT
SCANS

For patients who actually received a BEV, we predicted that redo
TAVI should be feasible regardless of the type of the second THV
(BEV or SEV) without need for leaflet modification in 70.5% of

Self-expanding transcatheter heart valve

Future TAVI-in-TAVI feasible Future TAVI-in-TAVI would
without leaflet modification require leaflet modification

Pre-TAVI CT 30-day CT Pre-TAVI CT 30-day CT

Pinned Leafiet Flane

"“&?ﬁ"“

"

Figure 4. Aortic root anatomies and measurements on baseline and 30-day CT using both the balloon-expandable (left) and self-expanding

(right) transcatheter heart valve. CT: computed tomography; TAVI: transcatheter aortic valve implantation;, THV: transcatheter heart valve;

VTA: valve-to-aorta; VTC: valve-to-coronary
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Eurolntervention

CENTRAL ILLUSTRATION Coronary obstruction risk with serial aortic valve interventions.

‘ Lifetime management of young patients with symptomatic severe aortic stenosis ‘

!

! }

Coronary obstruction (25.4%)
risk with TAVI-in-TAVI Low likelihood

(46.9%) (27.7%)
Low likelihood High likelihood

First TAVI can be performed
with any type of valve. ..

CT simulation of
first TAVI

So long as the first TAVIis
a short frame valve. ..

No matter what type of valve
is used first...

i i

A 4

A 4 A 4

... followed by TAVI-in-TAVI
with any type of valve.

CT simulation of
second TAVI

...TAVI-in-TAVI iss feasible
with any combination of valves.

...TAVI-in-TAVI risk coronary
obstruction regardless of
type of the second valve.

CT: computed tomography; TAVI: transcatheter aortic valve implantation

patients (74/105) and would likely require leaflet modification in
29.5% of patients (31/105) (Supplementary Figure 3). If both the
first and second THVs were SEVs, we predicted that redo TAVI
should be feasible without the need for leaflet modification in
21.3% of patients (23/108) but would likely require leaflet modi-
fication in 78.7% of patients (85/108) (Supplementary Figure 3).
If the first THV was an SEV and the second was a BEV, we pre-
dicted that redo TAVI should be feasible without the need for leaf-
let modification in 9.3% of patients (10/108) and would likely
require leaflet modification in 90.7% of patients (98/108). The
prediction of coronary obstruction using 30-day CTs showed good
agreement with the prediction of coronary obstruction using base-
line CTs (agreement in 93.0% [198/213] of patients).

Discussion

This is the first study to attempt to predict how many TAVI pro-
cedures a patient can undergo in their lifetime. The objective is to
provide patients with a personalised lifetime management strategy
assuming they will need more than one bioprosthesis. The princi-
pal findings of this CT simulation study are as follows: 1) approx-
imately 1/4 of patients had aortic root anatomy that would allow
for TAVI followed by redo TAVI with any combination of THVs
with a low risk for coronary obstruction and no need for leaflet
modification; 2) just over 1/4 of patients had aortic root anatomy
that would likely require leaflet modification prior to redo TAVI
regardless of the type of the first THV; 3) just under 1/2 of patients

had aortic root anatomy that would allow for TAVI followed by
redo TAVI without leaflet modification if the first valve was
a BEV but would require leaflet modification if the first valve was
an SEV; 4) and finally, the BEV-in-SEV leaflet overhang strat-
egy did not appear to substantially alter the predicted risk of sinus
sequestration and need for leaflet modification.

Coronary obstruction is a rare but devastating complication of
TAVI that occurs more frequently in patients undergoing valve-
in-valve TAVI for failing surgical bioprostheses'®?’. During TAVI,
native or bioprosthetic aortic valve leaflets are displaced by the
new THV and pinned in the open position. In patients with a nar-
row sinotubular junction, low coronaries and/or effaced sinuses
of Valsalva, these displaced leaflets can occlude the coronary
ostia or sequester an entire sinus of Valsalva, leading to coronary
obstruction. Given its relatively recent emergence and because
most early TAVI patients were older with multiple comorbidi-
ties, the collective experience with failing THV remains limited.
Surgical explantation may require ascending aorta repair and/or
root reconstruction and is associated with increased morbidity
and mortality?’?2. Redo TAVI is an attractive alternative to sur-
gery and, in carefully selected patients, appears to be a safe pro-
cedure®. However, because the pinned leaflet plane of a failing
THYV is often above the coronary ostia, coronary obstruction from
sinus sequestration is predicted to be more common'-. Case series
of successful redo TAVI procedures® potentially belie the true
risk because CT is routinely performed preprocedure, and patients



at risk are screened out to undergo surgery or adjunctive leaflet
modification procedures (e.g., BASILICA®) or to be managed
conservatively.

BASILICA (bioprosthetic or native aortic scallop intentional
laceration to prevent coronary artery obstruction) is an electrosur-
gical technique to lacerate the leaflet of a failing native, surgi-
cal bioprosthesis or THV, so that once a new THV is implanted
inside, the laceration splays the two halves of the leaflet to either
side creating a pathway for blood to reach the sequestered sinus
of Valsalva and the coronary that arises therein®**%. Initial experi-
ence in the prospective multicentre BASILICA trial demonstrated
feasibility and effectiveness in preventing sinus sequestration and
subsequent coronary obstruction with both native aortic and surgi-
cal bioprosthetic aortic valves®. BASILICA has since been shown
to be safe and effective in a multicentre, real-world registry of over
200 procedures, with high procedural success and low complica-
tion rates''. However, redo TAVI presents additional complexity
due to arbitrary commissural alignment of the first THV: indeed,
simply creating a splay in a leaflet may not be effective if the com-
missures of the first THV are misaligned. Furthermore, long THV
leaflets®® may require modification of “conventional” BASILICA
to include angioplasty at the leaflet base before laceration to max-
imise the splay (so-called balloon-assisted BASILICA!Y). In both
these scenarios, partial or full leaflet excision may be needed. This
technology is in development.

Previous studies predicted risk of sinus sequestration and cor-
onary obstruction during redo TAVI using CT or fluoroscopy
analysis of patients who had already undergone TAVI'®. Ideally,
lifetime management strategies should be determined before the
first TAVI, while patients can still consider alternatives including
surgery first. In these studies, as many as 25.0% of patients with
a previous BEV, and as many as 88.9% of patients with a pre-
vious SEV, were predicted to be at risk for coronary obstruction
during redo TAVI using the same THV (BEV-in-BEV or SEV-in-
SEV). The present study resulted in similar predictions using the
baseline CT scan rather than the post-TAVI CT scan, affirming
the accuracy of our CT simulation model. However, our predic-
tion model was contingent on THV sizing and deployment accord-
ing to the instructions for use and does not account for extremely
shallow or deep implantations or under- or over-expansion. This
is important because sinus sequestration appears to be rare in the
setting of ad hoc redo TAVI during an index procedure. This is
likely because the indication for the second THV is commonly
severe paravalvular leak related to deep implantation of the first
THV?. Deep implantation of the first THV lowers the pinned leaf-
let plane, which reduces the risk of sinus sequestration when the
second THV is implanted. With regard to commissural alignment,
current-generation THVs do not allow for precise commissural
alignment, but we acknowledge that fortuitous commissural align-
ment may tip the scales to decrease — or conversely increase — the
risk of sinus sequestration in real-world experience. Additionally,
certain implantation techniques during SEV delivery and deploy-

ment may improve commissural alignment as well.

Lifetime transcatheter management of aortic stenosis

The key difference between BEVs and SEVs is the supra-annu-
lar design of the SEV, which maximises the valve effective ori-
fice area to optimise haemodynamics and durability”’. This also
elevates the pinned leaflet plane above the coronary ostia in nearly
every patient, hence the predicted higher risk of sinus sequestra-
tion with redo TAVI in SEV. One possible strategy to mitigate this
is to implant a BEV deep inside an SEV to allow for “leaflet over-
hang” and effectively lower the pinned leaflet plane®. Implanting
a BEV inside an SEV typically expands the SEV frame at the
waist, transforming its hourglass shape into a cylinder, which
reduces VTC distances. This strategy also assumes the leaflets
of the failing SEV are pliable and able to hang over the top of
the BEV stent frame in diastole to permit blood flow down to the
sinuses of Valsalva. Degenerated, calcified and stiff leaflets are
less likely to behave predictably in this way and may instead pin
open if the hinge point interacts with the BEV stent frame, regard-
less of its implantation depth.

Counselling younger patients with symptomatic severe AS
should include consideration of lifetime management strategies;
specifically, what treatment options would be available in the
future if they opt for a transcatheter procedure and their biopros-
thesis later fails. The CT simulation described in this study brings
a more analytical approach to future lifetime management consid-
erations and should inform patient and Heart Team shared deci-
sion-making. For example, if CT simulation predicts that a young
patient can only have one TAVI procedure, then the patient may
prefer to undergo surgery with implantation of a mechanical valve
or a bioprosthetic surgical valve that is amenable to future valve-
in-valve TAVIL. If CT simulation predicts that a patient can have
two TAVI procedures, regardless of the type of THV, then this
should reassure the patient that surgery can be avoided, and the
THYV can be selected based on other factors (e.g., haemodynam-
ics, presence of left ventricular outflow tract calcium, etc.). If CT
simulation predicts that a patient can have two TAVI procedures,
but only if the patient receives a particular THV first, then this
may inform the choice of initial THV. We recognise, of course,
that these decisions are highly individualised, and lifetime man-
agement is just one factor that must be weighed by the Heart
Team when recommending surgery vs TAVI or BEV vs SEV. In
the coming years, additional data regarding THV durability, struc-
tural valve deterioration, and THV thrombosis (e.g., from the piv-
otal low-risk trials) are also likely to impact the decision-making
of TAVI vs SAVR (surgical aortic valve replacement) and SEV vs
BEV in younger patients.

Study limitations

We recognise that this is a simulation study and, therefore, sub-
ject to certain limitations. The VTC and VTA cut-offs used may
have been overly conservative. We simulated THV implantation
depth per contemporary recommendations, and hence, findings
may not be applicable to patients who underwent TAVI in the past
with deeper THV deployment. In some patients, CT can exagger-
ate obstruction risk, due to imaging artefact/blooming from the
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metallic stent frame. Also in some patients, THV deployment may
not be perfectly coaxial, with the aortic root leaning away from
(or towards) a particular coronary ostium. Invasive aortography
can be a useful adjunctive modality to evaluate risk of coronary
obstruction. Unfortunately, fluoroscopic images were not collected
for central core lab analysis in the LRT trial and the EPROMPT
registry. Additionally, 30-day CT acquisition protocols were not
always optimised for the determination of commissural align-
ment. For obvious reasons, we could not test the accuracy of sinus
sequestration risk predictions by performing redo TAVI in every
patient. However, our predictions based on the baseline CT scans
were very similar to those reported by our group and others using
post-TAVI CT scans, suggesting that the CT simulation model is
reproducible!®. Coronary perfusion after redo TAVI is potentially
preserved by flow down to one coronary sinus and then around to
the other sinuses, but this is difficult, if not impossible, to model
using CT. Predictions of the need for leaflet modification are based
on our interpretation of the available literature and data. Other
strategies to prevent coronary obstruction, such as “snorkel stent-
ing”, were not considered because, in the setting of redo TAVI,
the risk of coronary stent compression/crush and stent thrombo-
sis is high, and the protruding stent obstructs coronary access for
angiography or percutaneous coronary intervention. Finally, we
recognise that our findings cannot necessarily be extrapolated to
other THVs (e.g., ACURATE neo2 [Boston Scientific], Portico
[Abbott]) which have different stent frame and leaflet geometries.

Conclusions

Using CT simulation, it is possible to predict whether a patient
can undergo multiple TAVI procedures in their life time or not.
Those who cannot may prefer to undergo surgery first. CT sim-
ulation could provide a personalised lifetime management strat-
egy for younger patients with symptomatic severe AS and inform
shared decision-making.

Impact on daily practice

The optimal lifetime management of patients with aortic steno-
sis with bioprosthetic valves (surgical or transcatheter) remains
unclear. Serial transcatheter aortic valve implantation (TAVI)-
in-TAVTI risks coronary obstruction. Using baseline computed
tomography scans, it is possible to plan not only the first TAVI
but also to predict the feasibility of future re-intervention with
redo TAVI should the first valve fail. This could provide a per-
sonalised lifetime management strategy for younger patients

with symptomatic severe aortic stenosis.
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covered stent (from the native aortic annulus to the pinned leaflet
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Supplementary Table 2. Baseline and 30-day CT measurements
for patients who actually received a balloon-expandable THV.
Supplementary Table 3. Baseline and 30-day CT measurements
for patients who actually received a self-expanding THV.

Supplementary Figure 1. CT measurement protocol to measure
the interaction between a THV and the patient’s coronary ostia to
determine the future risk of sinus sequestration.

Supplementary Figure 2. Bland-Altman plots of interobserver
variability of predicted valve-to-coronary (VTC) on baseline
CT.

Supplementary Figure 3. CT simulation of TAVI-in-TAVI using
30-day CTs following implantation of first TAVI.
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Supplementary data

Supplementary Appendix 1. Computed tomography acquisition protocol.
Contrast-enhanced computed tomography (CT) scans were performed using 128-slice or greater
multidetector row scanners, with retrospective electrocardiogram gated acquisitions, and without
dose modulation. Tube potential was set at 120 kV. Images were reconstructed at 10% intervals,
with <1.0 mm slice thickness and 50% slice overlap. Four-dimensional CT scans were analysed
by two blinded independent reviewers (G.A. Medrana and C.E.S. Jimenez). Analyses were
performed in diastole (75% to 80% of the R-R interval) whenever possible. However, if diastolic
images were of suboptimal quality, the highest image quality phase was analysed. A random
sample of measurements were validated by independent core lab analysis (Supplementary

Figure 2).

Supplementary Appendix 2. Transcatheter heart valve implantation prediction protocol.
Using baseline CTs, we measured the native aortic annulus (area and perimeter) and selected the
corresponding balloon-expandable valve (BEV) or self-expanding valve (SEV) to implant
virtually according to the instructions for use. For patients who received a BEV, an implantation
depth of 20% of the transcatheter heart valve (THV) height was targeted on baseline CT. For
those who received a SEV, an implantation depth of 4 mm was targeted on baseline CT. To take
the necessary measurements on a patient’s baseline CT, we implanted a virtual cylinder which
represented the stent created by the pinned leaflets of the first THV after implantation of a
second THV. The virtual cylinder dimensions are detailed in Supplementary Table 1. We
measured the valve-to-coronary (VTC) for both coronaries. Predicted VTCs on baseline CTs and
actual VTCs on 30-day CTs were compared to determine how accurately we could predict first
THYV implantation.



Supplementary Table 1. Dimensions of the virtually implanted covered stent (from the

native aortic annulus to the pinned leaflet plane) that would be created following TAV I-in-

TAVI.
Combination  Size of first THV ~ Covered stent diameter Covered stent height
(Diameter at the pinned leaflet plane) (Annulus to pinned leaflet plane)
20 mm 20.0 mm 12.4 mm
23 mm 23.0 mm 14.4 mm
BEV-in-BEV
26 mm 26.0 mm 16.0 mm
29 mm 29.0 mm 18.0 mm
20 mm 20.0 mm 12.4 mm
23 mm 23.0 mm 14.4 mm
SEV-in-BEV
26 mm 26.0 mm 16.0 mm
29 mm 29.0 mm 18.0 mm
23 mm 20.0 mm 16.0 mm
26 mm 23.0 mm 18.0 mm
BEV-in-SEV*
29 mm 26.0 mm 20.0 mm
34 mm 29.0 mm 21.0 mm
23mm 27.0 mm? 21.0 mm
26 mm 24.0 mm 23.0 mm
SEV-in-SEV
29 mm 25.0 mm 25.0 mm
34 mm 27.0 mm 26.0 mm

* In this hypothetical scenario the base of the BEV (second valve) would be aligned with the inflow of the SEV (first valve) allowing for
some degree of leaflet overhang from the leaflets of the SEV (first valve).

T Because of the extreme hourglass shape of a 23 mm CoreValve Evolut PRO/PRO+ (Medtronic), the pinned leaflet plane diameter is 27 mm
even though the waist below that is only 20 mm. In order to evaluate the risk of sinus sequestration we used the diameter at the pinned leaflet
plane when modelling the covered stent created by TAVI-in-TAVI.

BEV: balloon-expandable valve; SEV: self-expanding valve; TAVI: transcatheter aortic valve implantation; THV: transcatheter heart valve



Supplementary Table 2. Baseline and 30-day CT measurements for patients who actually received a balloon-expandable THV.

Valve implanted 20 mm 23 mm 26 mm 29 mm Total
Baseline 30-day Baseline 30-day Baseline 30-day Baseline 30-day Baseline 30-day
(n=4) (n=4) (n=25) (n=25) (n=57) (n=57) (n=19) (n=19) (n=105) (n=105)

Aortic annulus

Area, mm? 311.2+405 - 399.1+36.4 - 498.3+56.0 - 595.84652 - - 485.2+89.9 -
Perimeter, mm 62.1+4.1 - 70.6+3.4 - 78.9+4.4 - 86.8+4.7 - 77.7£7.4 -
Coronary height
Left, mm 11.4+2.3 - 13.1+2.1 - 144429 - 14.5+3.1 - 14.0£2.9 -
Right, mm 13.2+1.0 - 14.7+£3.3 - 16.3+3.8 - 18.2+2.6 - 16.2+3.6 -
VTC*
Left, mm 7.3£0.9 7.9+0.3 46£1.1 43114 5.0+1.6 4.61£2.2 54+1.1 4.4+0.9 5.2+1.7 4.7£2.0
Left >4.0 mm 1/1 (100) 2/2 (100) 16/19 (84.2) 15/23 (65.2) 29/34 (85.3) 39/49 (79.6) 18/22 (81.2) 16/18(88.9) 64/76(84.2) 72/92 (78.3)
Right, mm 5.6+0.0 5.6+0.0 4.2+1.8 34124 3.842.3 3.742.0 3.6+1.4 4.142.0 4.1+1.6 3.9+2.0
Right >4.0 mm 3/3 (100) 2/2 (100) 5/7 (71.4)  4/4 (100) 13/20 (65.0) 22/34 (64.7) 7/14 (50.0)  6/9 (66.7)  28/44 (63.6) 34/49 (69.4)
VTA*
Left, mm 7.1+0.8 7.9£0.0 2.8+15 2.5+1.6 3.0£2.3 3.4£25 3.3£1.7 2.8+1.7 2.3+14 3.2+2.4
Left >2.0 mm 1/1 (100) 1/1 (100) 18/19 (94.7) 13/18(72.2) 25/34 (73.5) 40/47 (85.1) 16/22 (72.7) 14/17 (82.4) 60/76 (78.9) 68/83 (81.9)
Right, mm N/A N/A 2.842.3 1.7+1.9 23123 2.612.5 1.6+1.7 1.6+2.7 22114 2.6+2.4
Right >2.0 mm 3/3 (100) 1/1 (100) 5/7 (71.4) 5/13 (38.5)  11/20 (55.0) 24/34 (70.6) 8/14 (57.1)  5/9 (55.6) 27/44 (61.4) 35/57 (61.4)

Values are meanzstandard deviation or n/N (%). *These measurements exclude patients whose coronary ostia arose above the pinned leaflet plane.

CT: computed tomography; THV: transcatheter heart valve; VTA: valve-to-aorta; VTC: valve-to-coronary



Supplementary Table 3. Baseline and 30-day CT measurements for patients who actually received a self-expanding THV.

Valve implanted 23 mm 26 mm 29 mm 34 mm Total
Baseline 30-day Baseline 30-day Baseline 30-day Baseline 30-day Baseline 30-day
(n=4) (n=4) (n=35) (n=35) (n=52) (n=52) (n=17) (n=17) (n=108) (n=108)
Aortic annulus
Area, mm? 300.0+15.4 373.5+29.9 469.0+31.3 573.7+28.4 448.3+78.8
Perimeter, mm 61.0£1.7 68.7£2.5 77.0£2.4 85.1+2.2 75.0%6.6
Coronary height
Left, mm 11.5+1.7 122421 13.0+£3.0 15.1+4.1 13.0+£3.1
Right, mm 14.0+£2.0 12.8+2.2 15.7¢3.3 18.2+3.1 15.1+3.5
VTC*
Left, mm 1.3+2.2 4.6£3.1 3.8+1.2 3.9+1.9 5.0£1.5 5.8+2.0 5.9+1.4 6.2+1.6 4.6£1.7 5.2+2.2
Left >4.0 mm 1/4 (25.0) 1/4 (250)  17/35 (48.6) (15’7/315)/ 39/52 (75.0)  42/52(80.8) 16/17 (94.1)  16/17 (94.1) 73/108 (67.6)  73/108 (67.6)
Right, mm 0.7£1.3 4.1+3.1 3.1+#1.3 3.6x1.4 42+1.6 5.2+1.8 4.2+0.9 5.0+£1.6 3.7£1.6 46£1.8
Right >4.0 mm 0/4 (0.0) 1/4 (25.0)  10/35(28.6)  17/35(48.6) 28/52(53.8)  39/52 (75.0) 10/17(58.8)  12/17 (70.6) 48/108 (44.4)  69/108 (63.9)
VTA*
Left, mm 0.0+0.0 0.3+0.4 1.1+0.9 0.6+0.9 2.0+15 1.4+1.7 1.8+1.4 14+14 1.6+1.4 1.1+15
Left >2.0 mm 0/4 (0) 0/4 (0) 4/35 (11.4) 3/35(8.6)  28/52(53.8)  22/52(42.3) 9/17 (52.9) 8/17 (47.1) 41/108 (38.0) 33/108 (30.6)
Right, mm 0.0£0.0 0.9£1.6 12+1.1 0.9+1.1 2.2+1.6 2.0£1.9 1.8+1.7 1.9+2.0 1.7+15 1.6+1.8
Right >2.0 mm 0/4 (0) 1/4 (25.0)  11/35(314) 9/35(25.7) 28/52(53.8)  31/52(59.6) 8/17 (47.1) 9/17 (52.9) 47/108 (43.5)  50/108 (46.3)

Values are mean+SD or n/N (%). *When implanting the virtual self-expanding THV, none of the 213 patients included in our analysis, had coronary ostia arise higher than the pinned leaflet plane for the THV sized.

CT: computed tomography; THV: transcatheter heart valve; VTA: valve-to-aorta; VTC: valve-to-coronary



Implant a THV as a Cylinder from the Annulus to the Pinned Leaflet Plane
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Supplementary Figure 1. CT measurement protocol to measure the interaction between a THV and the patient’s coronary ostia to
determine the future risk of sinus sequestration. *Also includes patients whose coronary height was taller than the pinned leaflet

plane. CT: computed tomography; THV: transcatheter heart valve.



Inter-Observer Sample Data
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Supplementary Figure 2. Bland-Altman plots of interobserver variability of predicted valve-to-coronary (VTC) on baseline CT in a
sample of patients (n=22) who received the balloon-expandable transcatheter heart valve (THV) or the self-expanding THV (left

VTC bias: 0.30 mm and right VTC bias: 0.52 mm). This only includes patients whose coronary ostia arose below the pinned leaflet

plane.



Determining the Future Risk of Sinus Sequestration with TAVI-in-TAVI Using 30-Day Computed Tomography
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Supplementary Figure 3. CT simulation of TAVI-in-TAVI using 30-day CTs following implantation of first TAVI.
BEV: balloon-expandable valve; CT: computed tomography; SEV: self-expanding valve; TAVI: transcatheter aortic valve

implantation





