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Background: Coronary access after transcatheter aortic valve implantation

(TAVI) with supra-annular self-expandable valves may be challenging or

un-feasible. There is little data concerning coronary access following

transcatheter aortic valve-in-valve implantation (ViV-TAVI) for degenerated

surgical bioprosthesis.

Aims: To evaluate the feasibility and challenge of coronary access after ViV-

TAVI with the supra-annular self-expandable ACURATE neo valve.

Materials and methods: Sixteen patients underwent ViV-TAVI with the

ACURATE neo valve. Post-procedural computed tomography (CT) was used

to create 3D-printed life-sized patient-specific models for bench-testing

of coronary cannulation. Primary endpoint was feasibility of diagnostic

angiography and PCI. Secondary endpoints included incidence of challenging

cannulation for both diagnostic catheters (DC) and guiding catheters

(GC). The association between challenging cannulations with aortic and

transcatheter/surgical valve geometry was evaluated using pre and post-

procedural CT scans.
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Results: Diagnostic angiography and PCI were feasible for 97 and 95%

of models respectively. All non-feasible procedures occurred in ostia that

underwent prophylactic “chimney” stenting. DC cannulation was challenging

in 17% of models and was associated with a narrower SoV width (30 vs. 35 mm,

p < 0.01), STJ width (28 vs. 32 mm, p < 0.05) and shorter STJ height (15 vs.

17 mm, p < 0.05). GC cannulation was challenging in 23% of models and

was associated with narrower STJ width (28 vs. 32 mm, p < 0.05), smaller

transcatheter-to-coronary distance (5 vs. 9.2 mm, p < 0.05) and a worse

coronary-commissural overlap angle (14.3◦ vs. 25.6o, p < 0.01). Advanced

techniques to achieve GC cannulation were required in 22/64 (34%) of cases.

Conclusion: In this exploratory bench analysis, diagnostic angiography and

PCI was feasible in almost all cases following ViV-TAVI with the ACURATE neo

valve. Prophylactic coronary stenting, higher implantation, narrower aortic

sinus dimensions and commissural misalignment were associated with an

increased challenge of coronary cannulation.

KEYWORDS

transcatheter aortic valve implantation (TAVI), valve-in-valve transcatheter aortic
valve implantation, coronary access, ACURATE neoTM, aortic stenosis

Introduction

Transcatheter aortic valve-in-valve implantation (ViV-
TAVI) is a recommended treatment for degenerated surgical
bioprosthetic valves (SBV) in patients deemed high-risk for
re-do surgical aortic valve replacement (SAVR) (1). SBV have
limited durability and when they fail, ViV-TAVI has shown
favourable procedural and clinical outcomes compared to re-
do SAVR (2–4). The number of ViV-TAVI procedures is further
expected to increase given the expansion of TAVI toward low
surgical-risk patients, in whom ViV-TAVI represents a potential
treatment strategy for the lifelong management of severe aortic
stenosis (5–8). As a consequence, an increased cumulative
risk for repeat invasive angiography or percutaneous coronary
intervention (PCI) procedures is expected in the next years
(9–11). Therefore, the evaluation of coronary access following
ViV-TAVI is increasingly relevant when considering the optimal
sequential valve treatment for younger patients (7).

Coronary access following TAVI can be challenging and
if un-feasible is associated with adverse outcomes (11–13).
Prior studies have identified various anatomical, procedural
and device-related factors, which can influence the challenge of
coronary access following TAVI and TAVI-in-TAVI procedures
(14–21). However, comparatively little data exists on coronary
access following ViV-TAVI, where the additional presence of

Abbreviations: ViV-TAVI, valve-in-valve transcatheter aortic valve
implantation; SAVR, surgical aortic valve replacement; PCI, percutaneous
coronary intervention; LCA, left coronary artery; RCA, right coronary
artery; DC, diagnostic catheter; GC, guiding catheter; CT, computed
tomography; VTC, virtual transcatheter-to-coronary distance; MTC,
measured transcatheter-to-coronary distance.

the surgical valve frame and leaflets might make coronary re-
engagement more challenging (22, 23).

Therefore, we simulated diagnostic angiography and PCI
procedures to determine the feasibility and challenge of
coronary access in 3D printed patient-specific models derived
from a cohort of patients who underwent ViV-TAVI.

Materials and methods

Patient cohort

The bench-models were derived from a real cohort
of consecutive patients who underwent ACURATE
neo (Boston Scientific, Marlborough, MA, USA) valve
implantation to treat degenerated SBV across three high-
volume European centres between February 2018 and
February 2020. All patients were deemed high-surgical
risk for re-do SAVR following local heart team discussion.
All procedures were performed from transfemoral access
and choice of valve sizing and implantation technique was
left to the operator’s discretion. Ethical approval for this
study was obtained in accordance to the local policy of
each institution.

Imaging analysis

All patients underwent pre and post-procedural contrast-
enhanced CT scans using a 128-slice or greater multidetector-
row scanner with ECG gating of both systolic and diastolic
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GRAPHICAL ABSTRACT

Central illustration: Evaluating feasibility and challenge of coronary cannulation after ViV-TAVI with ACURATE neo valve.

phases with varying temporal windows to optimise image
quality. All images were analysed by three independent
cardiologists using a dedicated CT analysis software (Horos,
version 3.3.6, OsiriX, Switzerland).

On the pre-procedural scan, baseline measurements of
the aortic root, coronaries and surgical bioprosthesis were
performed in accordance with current recommendations (24).
On the post-procedural scan, the geometrical relationships
between the transcatheter valve with the SBV and native
aortic/coronary anatomy were evaluated by measuring the
vertical and horizontal distances between the coronary ostia and

transcatheter valve frame, the implantation depth and the extent
of overlap between the coronary ostia and commissural posts
(Supplementary Figure 1).

Creation of 3D printed models

Raw data from each scan was exported in the Digital
Imaging and Communication in Medicine (DICOM)
format and the aorta, left ventricular blood pool,
surgical/transcatheter valves and coronary arteries were
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FIGURE 1

Patient-specific 3D printed models. Post-procedural CT was used to (A) 3D print a patient-specific anatomical model complete with (B) surgical
and transcatheter valves. Each patient model was (C) assembled in the catheterization laboratory to simulate (D) coronary cannulation
procedures.

segmented using semi-automatic segmentation algorithms
(region growing/thresholding/level-tracing) with added
manual corrections.

The segmented models were converted into 3D digital
models, which were exported as.stl files into a computer assisted
design (CAD) software (GrabCAD, Stratasys, USA) for 3D
printing. Polyjet technology was used to print the patient-
specific 3D models (J720 3D printer, Stratasys) (Supplementary
Figure 2). The entire aortic arch, ascending aorta and aortic
root along with the coronary arteries was printed together using
the same material, whilst the surgical and transcatheter heart
valves were printed during the same process but using a different
more rigid material.

Each 3D printed model was an exact 1:1 sized replica
of the patient’s true anatomy and surgical/transcatheter valve
geometry (Figures 1A,B). The materials were selected following
preliminary bench-testing to ensure that catheter, wire and
device movements closely matched in vivo conditions. Each

patient model was attached to a prosthetic descending aorta
with a femoral access sheath inserted for bench-testing
(Figures 1C,D). The authenticity of the final assembled bench-
model in terms of performing angiography and PCI procedures
was independently confirmed by expert interventional operators
(CT, AC, FG, DD).

Bench-testing

To evaluate the feasibility and challenge of coronary access,
each patient-specific bench-model was assembled under cardiac
catheterization laboratory conditions, using real equipment to
simulate diagnostic angiography and PCI procedures under
fluoroscopy (Supplementary Figure 2). Two expert (defined
as > 2,000 PCI, 400 TAVI and > 50 ViV-TAVI procedures)
interventional cardiologists were instructed to perform a
diagnostic angiogram and PCI to both the right and left
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TABLE 1 Summary of clinical, procedural, and imaging data for each patient in study cohort.

Patient ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Clinical data

Age 79 84 80 81 49 66 82 72 81 71 74 72 75 83 85 63

Sex M F F M M M M M M M F M M M F M

STS 3.36 3.66 2.6 2.39 0.7 1.27 2.56 1.78 1.71 1.12 2.78 1.32 1.71 2.84 2.91 1.6

Surgical bioprosthesis

Type MF MF P CE CE MF MF MF CE H H P MF P MF MF

Size 27 23 19 25 27 25 23 25 23 23 25 23 25 23 21 25

Age, years 7 10 17 14 13 9 10 10 17 7 10 2 10 14 10 11

Mechanism of failure R S S R & S R R S S R R R & S R & S S R S R & S

Aortic Root Bentall Normal Normal Normal Hemashield Normal Normal Normal Normal Normal Normal Normal Normal Normal Bentall Bentall

TAVR

ACURATE size M S S M L S S S S S S S S S S S

Coronary protection Stent Stent No No No No Wire only Wire only No No No No No No Wire only Wire only

Pre-procedural CT

SoV width 36 28 31 35 47 52 35 33 38 32 38 25 40 30 36 31

STJ width 32 25 28 32 46 39 34 30 31 28 36 25 35 28 30 34

STJ height 28 15 11 21 26 32 17 17 21 17 17 9 22 14 31 17

LCA height 5 3.5 3 11 2.5 11 5.5 5.5 16.5 3.2 7.5 5.2 12.5 8 1 6.5

RCA height 5 4 6 14.5 17 21 12 12 17 10 7.6 3 12 11.5 14 8.2

LCA VTC 3.8 3.9 4 10 11 20 10 10 11 9.4 9.6 3 11 5.5 6.17 6

RCA VTC 4.6 7.5 4.5 5 12.3 19.2 8 8 8.1 4 8.8 5 10.5 4.5 7.2 6

Post-procedural CT

Implant depth 9.9 3.8 3.6 4.3 5.52 8.4 6.6 0.55 4.2 4.8 4.9 3.2 5.6 -0.5 1 5.9

LCA MTC 6.2 5 4 14 12.9 20 9.9 5.4 10.7 9.2 12.1 4.9 10.7 6.2 9.7 6.1

RCA MTC 3 4.7 6.9 8.2 15.5 22.5 7 6.2 3.4 1.6 13 5.6 14.6 4.4 9.3 8.1

LCA CCA 19.22 19.5 26.41 17.5 24.16 14.27 2.47 25.46 35.44 11.13 61.14 19.15 63.18 36.45 25.57 67.43

RCA CCA 34 4.17 12.3 41.1 51.6 2.2 5.23 49.34 16.17 5.3 31.16 18.41 30.42 11.46 41.55 36.58

M, male; F, female; STS, society of thoracic surgeons predicted risk of mortality; MF, mitroflow; P, perimount; CE, Carpentier Edwards; H, hancock; R, regurgitation; S, stenosis; TAVR, transcatheter aortic valve replacement; SoV, Sinus of Valsalva; STJ,
sinotubular junction; LCA, left coronary artery; RCA, right coronary artery; VTC, virtual transcatheter-to-coronary distance; MTC, measured transcatheter-to-coronary distance; CCA, coronary-commissural angle.
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TABLE 2 Data on diagnostic catheter cannulations.

Both ostia (n = 64) LCA (n = 32) RCA (n = 32) P-value

Angiography feasibility 62 (97%) 32 (100%) 30 (94%) p = 0.49

Cannulation selectivity

Selective 51 (82%) 25 (78%) 26 (87%) p = 0.94

Semi-selective 9 (15%) 5 (16%) 4 (13%)

Non-selective 4 (6%) 2 (6%) 2 (7%)

Cannulation attempts

1 49 (79%) 23 (72%) 26 (87%) p = 0.55

2 9 (15%) 7 (22%) 2 (7%)

3+ 6 (10%) 2 (6%) 4 (13%)

Cannulation time

<2 min 32 (52%) 14 (44%) 18 (60%) p = 0.44

2–5 min 20 (32%) 12 (38%) 8 (27%)

>5 min 12 (19%) 6 (19%) 6 (20%)

Cannulation advanced techniques

Wire-assisted 7 (11%) 5 (16%) 2 (7%) p = 0.46

Guide-extension 1 (2%) 1 (3%) 0 (0%)

Balloon-assisted 1 (2%) 1 (3%) 0 (0%)

Data presented as n (%). LCA, left coronary artery; RCA, right coronary artery.

coronary arteries of each bench-model. Both operators were
blinded to the pre and post-procedural CT scan data and
each operator was blinded to the cannulation strategies and
techniques used by the other operator.

All procedures were performed from the femoral access
route using 6Fr catheters. For the diagnostic angiography,
the operators were instructed to start with the Judkins right
(JR4) and Judkins left (JL4) catheters to reflect conventional
practice. If initial cannulation was unsuccessful, the subsequent
choice of catheter or cannulation strategy was left to the
discretion of the operator. Following diagnostic angiography,
the operators were instructed to perform PCI of the proximal
right coronary artery (RCA) and left anterior descending
artery (LAD). The operators were free to select their preferred
guiding catheters, wires and any additional equipment to
complete the procedure.

For each procedure, the following data were recorded:
cannulation selectivity (selective, semi-selective, non-selective),
number of cannulation attempts, fluoroscopy time, catheters
used, cannulation techniques and additional equipment used
(e.g., guide-extension catheters). The topography of cannulation
in relation to the transcatheter heart valve was noted and
recorded as either above or below the upper crown and catheter
passage inside or outside valve frame.

Study outcomes

The primary outcome of the study was the feasibility of
diagnostic angiography and PCI. A diagnostic angiogram was
considered feasible if complete opacification of the coronary

vessels was obtained following contrast media injection. A PCI
was considered feasible if the vessel was successfully wired
distally, a 2.5 mm × 20 mm semi-compliant balloon (Euphora,
Boston Scientific, USA) was inflated, followed by successful
advancement and retraction of a 3.5 mm × 20 mm drug-
eluting stent (Resolute Onyx, Medtronic) in the proximal
segment of the vessel.

The secondary outcome was to determine the incidence of
challenging diagnostic catheter (DC) and guiding catheter (GC)
cannulation, defined as, if for at least one operator either of the
two criteria were met:

1. Cannulation was not feasible or non-selective;
2. Cannulation was selective/semi-selective but required

greater than 5 min of fluoroscopy time and at least two
attempts.

In addition, the association between challenging
cannulations with the imaging variables derived from the
pre and post-procedural CT scans was evaluated.

Statistical analysis

Categorical variables are expressed as numbers and
percentages and continuous variables as median and
interquartile range (IQR) or mean and standard deviation (SD).
Categorical data were compared using the chi-squared test or
Fisher exact test as appropriate. For comparison of continuous
variables, the Student’s t-test or Mann-Whitney U test was
applied depending on the normality of distribution (assessed by
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FIGURE 2

Feasibility and challenge of diagnostic and guiding catheter cannulations. Cannulation feasibility, selectivity, number of attempts and time was
equivalent for both diagnostic and guide catheter cannulations. Use of advanced techniques, was more frequently required for guiding catheter
cannulations.

the Kolmogorov-Smirnov test). A 2-sided p-value < 0.05 was
considered as statistically significant. All statistical analysis were
performed using StataIC version 17.0 (StataCorp, IBM).

Results

Sixteen consecutive patients underwent transfemoral ViV-
TAVI with the ACURATE neo valve. Baseline characteristics,
procedural and CT imaging data of the study population
are presented in Table 1. The mean age was 77 years, 75%
were male and mean STS score was 2.09. Mechanism of
SBV failure was stenosis, regurgitation or mixed in 6 (38%),
6 (38%) and 4 (25%) cases, respectively. A size S of the
ACURATE neo valve was implanted in 13 (81%) cases with

prophylactic “chimney” stenting performed for both ostia in 2
(13%) patients. Two operators independently attempted both
diagnostic angiography and PCI of each coronary ostium,
resulting in a total of 64 diagnostic cannulations and 64 PCI
procedures.

Diagnostic angiography

The primary outcome of diagnostic angiography feasibility
was observed for 62/64 (97%) cannulations. Cannulation
was not feasible for both operators in one RCA ostium,
which underwent prophylactic stenting during the ViV-TAVI
procedure. Data on DC cannulations are presented in Table 2.
Median number of cannulation attempts was 1 (IQR: 1-1) and
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FIGURE 3

Topography of diagnostic cannulation in relation to valve frame.
Access to the coronary ostium was pre-dominantly achieved
from above the upper crown of the ACURATE neo valve (64%).
In 42% of cannulations, coronary cannulation was successfully
performed by completely bypassing the valve frame.

median cannulation time was 1 min 48 s (IQR: 1 min 5 s–3 min
11 s). The majority of cannulations required no more than a
single cannulation attempt (49/62, 79%). Selective cannulation
was achieved in 51/62 (82%) and most of the cannulations
required less than 2 min of fluoroscopy time (32/62, 52%).
Advanced cannulation techniques were required for 9/62 (15%)
cannulations, with 0.014” coronary wire-assisted cannulation
being the main technique of choice (Figure 2). There was
no significant difference observed in cannulation feasibility,
selectivity, attempts, time or technique used between the LCA
and RCA (Table 2).

Choice of catheters selected and topography of cannulation
in relation to the valve frame is shown in Supplementary
Figure 3 and Figure 3, respectively. Differences in procedural
outcomes between the operators as well as the individual
operator’s perceived level of difficulty for performing diagnostic
angiography are reported in Supplementary Table 1 and
Supplementary Figure 4, respectively.

Percutaneous coronary intervention

Performing a complete PCI procedure was feasible in 61/64
(95%) of cases. PCI could not be performed for ostia that
underwent prophylactic coronary stenting (1 LCA cannulation,
2 RCA cannulations) (Table 3).

Compared to DC, a greater percentage of GC cannulations
were either semi- (14 vs. 27%) or non-selective (6 vs. 11%)

(Figure 2). Median cannulation time was 2 min 5 s (IQR: 48 s-
5 min 12 s). Advanced techniques to achieve guide catheter
cannulation were required in 22/64 (34%) of cannulations, with
the use of a 0.014” coronary wire only or in addition to a
guide-extension catheter or balloon-assisted technique required
for 19/64 (30%), 2/64 (3%) and 1/64 (2%) of cannulations,
respectively (Table 3). A wider selection of guiding catheters
were selected particularly for cannulation of the LCA (Figure 3).

Differences in procedural outcomes between the operators
as well as the individual operator’s perceived level of difficulty
for performing PCI are reported in Supplementary Table 1 and
Supplementary Figure 4, respectively.

Challenging cannulation

The secondary outcome criteria for challenging cannulation
were met for 11/64 (17%) of DC and 15/64 (23%) of
GC cannulations. Data regarding the cannulation procedures,
transcatheter and surgical valve types and pre- and post-CT
imaging analysis for challenging DC and GC cannulations is
presented in Supplementary Tables 2, 3.

Challenging cannulations were associated with a longer
cannulation time (DC: 7 min 16 s vs. 1 min 25 s, p < 0.01; GC:
6 min 9 s vs. 1 min 15 s, p < 0.01), required a greater number
of attempts [DC: 3 (IQR: 2–4) vs. 1 (IQR: 1–1), p < 0.01; GC: 3
(IQR: 2–3) vs. 1 (IQR: 1–1), p < 0.01] and were associated with
more semi- and non-selective cannulations (DC: 45 vs. 15%,
p < 0.01; GC: 74 vs. 27%, p < 0.01) (Table 4).

Use of non-standard cannulation techniques (0.014”
coronary guide wire-assisted, guide-extension catheter or
balloon-assisted cannulation) were more frequently required
for challenging versus non-challenging DC (wire: 27 vs. 6%,
guide-extension: 9 vs. 0%, balloon: 9 vs. 0%; p < 0.01) and
GC cannulations (wire: 53 vs. 20%, guide-extension: 13 vs. 2%,
balloon: 7 vs. 0%; p < 0.01) (Table 4).

Factors associated with challenging
cannulations

Challenging DC and GC occurred when coronary ostia
arose below the upper crown of the THV, there was a
narrow sinus gap between the transcatheter/surgical valve
frames and aortic wall, commissural mis-alignment and
when prophylactic “chimney” stenting was performed.
In the most challenging cases, the combination of these
factors resulted in prolonged cannulation times, requiring
multiple attempts with the use of advanced techniques
(Figure 4).

Differences in pre- and post-procedural CT imaging
data were evaluated between challenging and non-challenging
cannulations (Table 4). Aortic sinus dimensions, as evaluated
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TABLE 3 Data on guiding catheter cannulations.

Both ostia (n = 64) LCA (n = 32) RCA (n = 32) P-value

Procedural feasibility 61 (95%) 31 (97%) 30 (94%) p = 0.50

Guiding catheter cannulation 61 (95%) 31 (97%) 30 (94%) p = 0.50

Vessel wiring 61 (95%) 31 (97%) 30 (94%) p = 0.50

Vessel POBA 61 (95%) 31 (97%) 30 (94%) p = 0.50

Vessel stenting 61 (95%) 31 (97%) 30 (94%) p = 0.50

Cannulation selectivity

• Selective 40 (66%) 19 (59%) 21 (66%) p = 0.87

• Semi-selective 17 (28%) 9 (28%) 8 (25%)

• Non-selective 7 (11%) 4 (13%) 3 (9%)

Cannulation attempts

• 1 47 (77%) 24 (75%) 23 (72%) p = 0.58

• 2 8 (13%) 6 (19%) 2 (6%)

• 3+ 9 (15%) 2 (6%) 7 (22%)

Cannulation time

• <2 min 30 (49%) 16 (50%) 14 (44%) p = 0.52

• 2–5 min 16 (26%) 9 (28%) 7 (22%)

• >5 min 18 (30%) 7 (22%) 11 (34%)

Cannulation techniques

• Standard 39 (64%) 19 (59%) 2 (63%) p = 0.63

• Wire-assisted 19 (31%) 10 (31%) 20 (63%)

• Guide-extension 2 (3%) 2 (6%) 0 (0%)

• Balloon-assisted 1 (2%) 0 (0%) 1 (2%)

by SoV and STJ width, were smaller for both challenging
DC (p < 0.05) and GC (p = 0.05) cannulations. Challenging
cannulations were associated with lower left (3.6 vs. 4.8 mm)
and right (3.8 vs. 4.8 mm) coronary heights but this difference
was not statistically significant.

On post-procedural CT, the measured transcatheter-to-
coronary (MTC) distance (5 vs. 9.2 mm; p < 0.05) and
commissure-coronary angle (14.3◦ vs. 25.6◦; p < 0.01) were
both significantly lower for challenging GC cannulations.
Implantation depth was numerically lower (DC: 3.8 vs.
4.8 mm, p = 0.23; GC: 3.8 vs. 4.8 mm; p = 0.57) for
challenging cannulations.

The impact of each pre- and post-CT imaging parameter
on diagnostic and guiding catheter cannulation time, numbers
of attempts and selectivity are presented in Supplementary
Tables 4, 5. In summary, cannulation time with both DC
and GC was prolonged when either the implantation depth
was < 4 mm, coronary ostia were located below the upper
crown or the virtual-transcatheter distance (VTC) was < 6 mm
(p-values for all < 0.05) (Figure 5). For DC cannulation, an
implantation depth < 4 mm, was associated with increased
cannulation attempts and worsening cannulation selectivity. For
GC cannulations increased attempts and worsening cannulation
selectivity was observed when the MTC < 6 mm and the
coronary-commissural angle was < 40

◦

(p-values for all < 0.05).

Discussion

This exploratory study is the first study to systematically
evaluate diagnostic and guide catheter cannulation following
ViV-TAVI with the ACURATE neo valve. Bench-testing of
patient-specific 3D printed models demonstrated (Graphical
Abstract):

1) Feasibility to perform diagnostic angiography and PCI was
97 and 95%, respectively.

2) Seventeen percentage of diagnostic and 23% of guiding
catheter cannulations were challenging requiring greater
fluoroscopy time, number of attempts, semi- or non-
selective cannulation and use of advanced techniques.

3) The main reasons for challenging cannulation were
prophylactic stenting performed during the ViV-TAVI
procedure, smaller aortic sinus dimensions, severe
commissural mis-alignment and when ostia arose below
the upper crown of the valve, which could be due to higher
implantation depths or lower coronary heights.

4) Implantation depth < 4 mm, virtual transcatheter-to-
coronary (VTC) distance < 6 mm, measured transcatheter-
to-coronary (MTC) distance < 6 mm and coronary-
commissural angle < 40◦ were more frequently observed
in challenging cannulations.
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TABLE 4 Differences in procedural and CT imaging data between challenging and non-challenging diagnostic and guiding catheter cannulations.

Diagnostic catheter cannulation Guiding catheter cannulation

Challenging n = 11 Non-challenging n = 53 P-value Challenging n = 15 Non-challenging n = 49 P-value

Cannulation data

Cannulation feasibility 9 (82%) 53 (100%) 0.05 12 (80%) 49 (100%) <0.05

Cannulation time, min 7.16 (5.2–10.23) 1.42 (1.04–2.39) <0.01 6.35 (5.2−14.1) 1.25 (0.46−2.45) <0.01

Cannulation attempts 3 (2-4) 1 (1-1) <0.01 3 (2-3) 1 (1-1) <0.01

Cannulation selectivity

• Selective 6 (55%) 45 (85%) <0.01 4 (27%) 36 (73%) <0.01

• Semi-selective 1 (9%) 8 (15%) 4 (27%) 13 (27%)

• Non-selective 4 (36%) 0 (0%) 7 (47%) 0 (0%)

Cannulation techniques

• Standard 4 (36%) 50 (94%) <0.01 1 (7%) 38 (78%) <0.01

• Wire-assisted 3 (27%) 3 (6%) 8 (53%) 10 (20%)

• Balloon-assisted 1 (9%) 0 (0%) 1 (7%) 0 (0%)

• Guide-extension catheter 1 (9%) 0 (0%) 2 (13%) 1 (2%)

Pre-procedural CT

Coronary height, mm 6 (4–8) 8.2 (5–12) 0.21 6 (4–10) 8.2 (5–12.5) 0.29

Sinus of Valsalva width, mm 30 (28–31) 35 (32–38) <0.01 31 (28–36) 35 (32–38) 0.05

Sinotubular junction width, mm 28 (25–34) 32 (30–35) <0.05 28 (25–32) 32 (30–35) <0.05

Sinotubular junction height, mm 15 (11–17) 17 (17–26) <0.05 15 (11–28) 17 (17–22) 0.09

Virtual transcatheter-to-coronary distance, mm 5.5 (4.5–7.5) 7.2 (5–10) 0.32 4.6 (4–7.5) 8 (6–10) 0.07

Post-procedural CT

Implantation depth, mm 3.8 (3.2–5.9) 4.8 (3.6–5.6) 0.23 3.8 (3.6–6.6) 4.8 (3.2–5.6) 0.57

Relationship to risk plane

• Above 2 (18%) 22 (42%) 0.13 3 (20%) 21 (43%) 0.14

• Below 9 (82%) 31 (58%) 12 (80%) 28 (57%)

Measured transcatheter-to-coronary distance, mm 6.1 (4.9–6.9) 8.2 (5.4–12.1) 0.30 5 (4–6.9) 9.2 (6.1–12.1) <0.05

Coronary-commissural angle, degrees 18.4 (4.2–36.5) 25.6 (16.2–36.6) 0.19 14.3 (5.3–26.4) 25.6 (17.5–41.1) <0.01

Values are n (%), mean ± SD or median (IQR).
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FIGURE 4

Case example of a challenging diagnostic cannulation. An 83-year old male underwent ACURATE neo implantation to treat a 14-year old
degenerated Perimount23 surgical bioprosthesis. Post-procedural CT showed (A) a high implantation with low-lying coronary arteries, (B) a
narrow gap between valve frame and aortic wall and (C) moderate overlap between the commissural posts and coronary arteries, all implying
challenging cannulation. (D,E) Semi-selective cannulation of the LCA was achieved using an Amplatz Left 2 guiding catheter with 0.014
wire-assistance, after 17 min of fluoroscopy time and four attempts. (F,G) Camera placed internally demonstrating cannulation technique of
approaching the ostium from above and resting the distal tip of the guiding catheter on the upper crown of the ACURATE neo adjacent to the
LCA.

Assessing the feasibility of coronary access and PCI is
increasingly relevant as TAVI expands toward younger and
lower-risk patients who have an increased life-time risk for
repeat invasive angiography due to progression of CAD (9–
12). Studies using pre or post-procedural CT to virtually assess
coronary access have suggested that challenging or un-feasible
cannulation may occur following 9–35% TAVR (16–18), 27–
78% of TAVI-in-TAVI (19, 20, 25) and 58% of ViV-TAVI
(22) procedures. However, data from real studies of post
TAVI cannulation are more re-assuring with success rates for

diagnostic cannulation and PCI success ranging between 90–
100 and 92–97%, respectively, even in the acute setting (11–14,
26–28).

In our study the feasibility for diagnostic angiography
and PCI was 97 and 95%, respectively. These findings are
encouraging in the setting of ViV-TAVI, where the presence
of the SBV frame and leaflets should further hamper coronary
cannulation. Several explanations for these favourable results
could be considered. All cannulations were performed by
senior interventionists experienced in catheter selection and
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FIGURE 5

Diagnostic cannulations times associated with different imaging cut-offs. Prolonged diagnostic cannulation times were observed when
coronary height < 10 mm, implantation < 4 mm, ostia arose below the upper crown, virtual and measured transcatheter-to-coronary
distances < 6 mm and coronary-commissural angle < 40 degrees. For guiding catheter cannulations, significantly prolonged cannulation times
were only observed for implantation depth < 4 mm, ostia arising below the upper crown, virtual, and measured transcatheter-to-coronary
distances < 6 mm.

cannulation techniques required for post-TAVI coronary access
(27). Moreover, the transcatheter valve design may have a
significant impact upon the feasibility of coronary access (14,
16). All the patients underwent ViV-TAVI with the ACURATE
neo valve, which has a split-level design consisting of a short
lower stent frame and large open-celled upper stabilisation
arches. This unique design is potentially advantageous for
coronary access, as it provides operators with different
possible cannulation routes to the coronary ostium (Figure 3).
In contrast, valves with larger stent-frames such as the
Corevalve/Evolut platform are associated with more challenging
or un-feasible coronary cannulation although data is conflicting
(11–14).

Factors associated with challenging
cannulation

A combination of multiple anatomical, procedural and
device-related factors contribute to the challenge of coronary
access (14, 27). Proposed classification schemes for coronary

access have highlighted three key factors: (1) implantation
depth, (2) gap between valve frame and aortic wall and
the (3) extent of commissural alignment (15, 29). Previously
we showed that an implantation depth > 4 mm suggested
more favourable coronary access without impacting upon
post-procedural gradients (22). Similarly, our bench study
demonstrates that an implantation depth > 4 mm was
associated with a shorter cannulation time, more selective
cannulations and fewer cannulation attempts when using a
DC. Moreover, GC cannulation times were also shorter with
advanced techniques required less frequently. The reason for
favourable coronary access at lower valve implantations is that
more ostia are likely to be located above the covered stent frame,
which cannot be traversed by a catheter.

Ostia deemed challenging to cannulate had smaller aortic
dimensions as assessed by SoV and STJ width. A narrow aortic
sinus translates into a smaller gap available between the THV
frame and aortic wall for subsequent catheter entry. Previous
studies have used different methodologies to measure and
evaluate this gap (14, 16–19, 22, 30), with current classification
schemes suggesting that a 2 mm cut-off distance identifies
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challenging or un-feasible coronary access (15, 29). However,
in our cohort the median MTC distance was 7.55 mm and
only one coronary ostium had a MTC gap < 2 mm. In
contrast, we found that a cut-off of 6 mm was a more useful
discriminator for challenging cannulation, with prolonged
diagnostic cannulation times, increased attempts for guide
catheter cannulation and fewer selective cannulations achieved
when the MTC was < 6 mm compared to > 6 mm. Although
a 2 mm gap allows for a 6Fr (∼1.8 mm) catheter to enter the
aortic sinus, it may not account for the additional space required
to manoeuvre the catheter in order to achieve stable, supportive
and selective cannulation, particularly for guiding catheters.
Greater insights into the necessary space required for successful
cannulation might be obtained by analyzing the volume and
three-dimensional morphology of the aortic sinuses (30).

Overlap between a THV commissural post and coronary
ostia is common following TAVR and may pose a significant
challenge to coronary cannulation (16, 18, 29, 31). However, to
date no study has evaluated how the extent of commissural-
coronary overlap can directly influence cannulation challenge
and feasibility. In our cohort, severe overlap or mis-alignment,
defined as a coronary-commissural angle (CCA) < 20◦ was
present in 15/32 (47%) coronary ostia. The average CCA
for challenging DC and GC cannulation was 14.3◦ and
18.4◦, respectively. However, the impact of severe overlap was
greater for GC cannulations, which required more attempts
and advanced techniques and resulted in fewer selective
cannulations. This finding could be explained by the fact
that guiding catheters are stiffer, and the reduced flexibility
makes it more challenging to navigate around the obstacle
of the THV commissural post. Therefore, a 0.014” coronary
wire or guide-extension catheter is often required to achieve
selective cannulation with adequate support to complete the
PCI. The incidence of severe coronary overlap is expected
to be lower as procedural techniques designed to achieve
commissural alignment with the ACURATE neo valve are
adopted (32). Of note, in our cohort systematic techniques to
achieve commissural alignment with the ACURATE neo valve
were not adopted. However, the impact of these techniques in
reducing the challenge of coronary access, particularly in the
setting of ViV-TAVI remains to be determined.

Coronary protection with the chimney technique resulted
in 2/64 (3%) DC and 3/64 (5%) GC cannulations being
unfeasible. In one patient, PCI to both coronary arteries was
not feasible due to an inability to cannulate the neo-ostia,
which were located in an un-favourable position for cannulation
(Supplementary Figure 5). This highlights the importance
selecting an appropriate coronary protection strategy, which will
also maintain long-term coronary access. Consideration should
be given to the stent positioning, extent of stent protrusion and
for certain cases alternative coronary protection strategies such
as Bioprosthetic Aortic Scallop Intentional Laceration Coronary
Artery (BASILICA) may be considered (33).

Limitations

Our study is limited to a small sample of ViV-TAVI
patients in whom only the ACURATE neo valve was utilised,
therefore these findings cannot be applied to other transcatheter
heart valves. Cannulations were performed by two experienced
interventional operators and variations in their preferred
techniques could have accounted for some of the observed
differences. Furthermore, cannulation challenge and feasibility
may vary amongst operators particularly due to different levels
of expertise in post-TAVI coronary access. However, in this
context, the fact that certain cannulations were challenging or
even un-feasible for experienced operators is highly relevant.
Due to the design and assembly of the bench-models, all
cannulations were performed from the femoral access route
and catheters and techniques selected could be different if the
cannulations were performed from the trans-radial access. The
prosthetic descending aorta and femoral access may not have
replicated real-life ilio-femoral tortuosity which can contribute
to the challenge of coronary cannulation. Finally, the nature of
bench-testing means that these results were obtained following
cannulation of static ostia in ex vivo models, which may not fully
reflect the dynamic in vivo conditions. However, given that these
models were 3D printed based on post-procedural CT scans,
ensured that the complex anatomical relationships between
the transcatheter/surgical valves with surrounding aorta and
coronary ostia was preserved.

Conclusion

In this exploratory bench-analysis, diagnostic angiography
and PCI was found to be highly feasible following ViV-TAVI
with the ACURATE neo valve. Important factors associated with
non-feasible or challenging cannulation included prophylactic
“chimney” stenting, higher implantation, narrower aortic sinus
dimensions and severe commissural misalignment.
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SUPPLEMENTARY FIGURE 1

Post-procedural CT analysis. For each coronary ostium in the cohort,
post-procedural CT analysis of implantation depth, relationship to
upper crown, gap between valve frame and ostium and
coronary-commissural angle was performed.

SUPPLEMENTARY FIGURE 2

Creation of 3D-printed model. Study flowchart demonstrating how
post-procedural CT was segmented and processed to print the 3D
models, which were then assembled for bench-testing under real
catheterization laboratory conditions.

SUPPLEMENTARY FIGURE 3

Diagnostic and guiding catheters selected for cannulation. The Judkins
Right 4 catheter was the most frequently selected catheter for the RCA
whilst a greater range of catheters diagnostic and particularly guiding
catheters were selected for cannulating the LCA.

SUPPLEMENTARY FIGURE 4

Operator reported difficulty in diagnostic and PCI cannulation for each
patient model. The two operators were asked to report their difficulty in
completing the diagnostic and PCI cannulations for each ostium.
Responses were recorded on a scale of 1-10 (1 = extremely easy).

SUPPLEMENTARY FIGURE 5

Location of neo-ostium following chimney stenting. Case example of
an 84-year old female who underwent ACURATE neo implantation to
treat a degenerated Mitroflow prosthesis. Due to high-risk for coronary
obstruction, coronary protection of the LCA (A,C) and RCA (B,D) using
the “chimney” technique was performed. The yellow start denotes the
location of the neo-stent which was un-feasible to cannulate.
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