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Abstract

Objective: In this study we aim to evaluate risk of coronary obstruction during transcatheter
aortic valve replacement (TAVR) and develop improved criteria based on computational modeling.

Methods: Patient specific 3D models were constructed and validated for 28 patients out of 600
that were flagged as high risk for coronary obstruction (defined as meeting coronary ostium height
(/1) < 14 mm and/or Sinus of Valsalva (SOVd) < 30 mm). The models consisted finite element
analysis to predict the post-TAVR native cusp apposition relative to the coronary ostium and
validated in-vitro. The distance from cusp to coronary ostium (DL C) was derived from the 3D
models and indexed with the coronary artery diameter, d'to yield a fractional obstruction measure
(DLC/)

Results: 22 out of 28 high risk patients successfully underwent TAVR without coronary
obstruction and 6 did not. DL C/d between the two groups was significantly different (p < 0.00078)
while neither /#nor SOVd were significantly different (p > 0.32). A cut off of DLC/d< 0.7 was
predictive with 100% sensitivity and 95.7% specificity. The optimal sensitivity and specificity of /
and SOVd in this high risk group was only 60% and 40% respectively for a cut off #=10 mm and
SOVd of 30.5 mm.

Conclusions: 3D modeling has the potential to enable more patients be safely treated with
TAVR who have low lying coronary ostium or small SOVd. DL C/d is more predictive of
obstruction than #and SOVd.
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1. Introduction:

Transcatheter aortic valve replacement (TAVR) represents a major advance in the field of
cardiac surgery and interventional cardiology for the treatment of patients with severe aortic
stenosis, whom conventional open-heart surgery has been deemed high risk (1-4). Despite
the overall effectiveness of TAVR, complications can limit the realization of mortality and
quality of life benefits (4—7). Among these is coronary obstruction, which can occur upon
transcatheter valve deployment, and most often affects the left coronary artery (LCA) (8-
15). Coronary obstruction, as defined by the 2011 ACCF/AHA/SCAI guidelines for
percutaneous coronary intervention, is considered as a > 50% obstruction of the left main
coronary artery, >70% in any other coronary artery, or both (16,17). While this complication
is rare (reported in up to 1% of all TAVR procedures) the outcomes can often be
catastrophic.

Although a serious and potentially preventable complication, there is no consensus to which
features reliably predispose risk of coronary obstruction during TAVR. Most of the
guidelines developed so far have originated from clinical trials designed to exclude as many
adverse outcomes as possible and were not based on simulations or mechanistic insights into
the precise mechanics of coronary obstruction. In doing so, these guidelines have potential
to exclude a large number of potential TAVR patients, often those who have no other
treatment options available.

Despite the existing predictive models, 1-3% of TAVR patients still suffer from coronary
obstruction. However, it has been shown that restrictively applying the current guidelines
could have excluded 26 - 33% of patients who successfully received TAV with no reported
instance of coronary obstruction (29). This clearly demonstrates the importance of patient
specific modeling and the critical need for individualization of valve replacement therapy.

The objective of this study is to better understand the physical mechanism of coronary
obstruction beyond the conventional parameters of /#7and SOV alone and introduce a new
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more accurate mechanistic index that can predict which high risk patients (i.e. patients with
h< 14 mm and/or SOVd < 30mm) are not actually at risk and are indeed candidates for
TAVR pre-operatively, allowing for the most patients possible to safely undergo TAVR
without coronary obstruction.

2. Methods:

In order to better understand the mechanism of coronary obstruction and develop a
mechanistic index that can predict which high risk patients (i.e. patients with #< 14 mm
and/or SOVd < 30mm) are not actually at risk and are indeed candidates for TAVR pre-
operatively, a three-dimensional computational model that utilize pre-TAVR CT angiogram
imaging is presented and compared against the conventional guidelines. The three-
dimensional model employs computer-aided methodologies that predict the closest distance
between native aortic valve cusp and the corresponding coronary artery ostium following
TAV deployment. In vitro validation of this novel computational model was performed using
3D printed flexible patient specific aortic root geometries. Informed consent was obtained
from all patients and the study complied with the Institutional Review Board of The Ohio
State University.

2.1 Study Population:

The study population included all “moderate to high-risk” patients, defined by left coronary
artery height (LCA#/) < 14 mm and/or SOVd < 30 mm, flagged from 600 aortic stenosis
patients considered for TAVR at The Ohio State University Wexner Medical Center between
January 2014 and September 2018. This filtering resulted in 28 patients (labeled A-AB; see
Table 1) being flagged as moderate to high risk for left coronary artery obstruction during
TAVR and included 78.5% women; mean [+ SD] age, 80 £ 9 years with symptomatic severe
aortic stenosis. The individual LCA/Aand SOVd are shown in Figure 1 for the study
population with quadrants representing LCA/ < 22mm and SOVd < 30 mm based on
Ribeiro et. al’s analysis as current guidelines (the figure is discussed later).

With respect to the outcomes for these 28 patients, 23 received TAVR successfully while 5
patients did not receive a successful TAVR. These five include 1 male who suffered coronary
obstruction (presented in supplementary material Video S1), 2 females who underwent
surgical aortic valve replacement with visual confirmation of coronary obstruction by the
operating surgeon, and 1 male and 1 female (patients H and V) who each had extremely low
lying coronary ostium (9mm and 7.6mm respectively) and were deemed surgically
inoperable due to age and received medical management.

2.2 Three-dimensional (3D) Computational Model:

A 3D computational model was developed to assess risk of coronary obstruction during
TAVR. Note that this model is only for patients who already satisfy a conservative risk
stratification given by #< 14 mm and/or SOVd < 30 mm and as is shown later that there
would not be any benefit to perform 3D computational modeling for lower risk patients. The
model works by simulating the implantation of an idealized and cylindrical TAV prosthesis
into a patient’s pre-procedural aortic root anatomy (including the calcified native cusps). The
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risk for coronary obstruction is then assessed through quantifying the closest distance of the
cusp and the corresponding coronary ostium. This distance is indexed to the coronary artery
diameter to obtain a representative measure of the fractional obstruction of the native cusp
“eclipsing” the ostium.

The pre-procedural patient specific aortic root, calcium nodules and cusps were segmented
for each of the 28 patients from pre-TAVR CT images using Mimics Research 18.0
(Materialise, Belgium). The segmented aortic wall, cusps and calcium nodules were then
discretized in 3-Matic Research 13.0 (Materialise, Belgium) using explicit 4-node linear
tetrahedron elements (Supplementary Figure S1). An idealized TAV stent (represented as an
expandable cylinder) was discretized using hexahedral elements.

An example of the segmented aortic root (red) and cusp with calcification (yellow) anatomy
previous to TAV implantation is depicted in Figure 2A,B,C. Finite element analysis (FEA)
was performed on each patient-specific 3D anatomical model using Abaqus/Explicit 6.9
software (Simulia, Providence, RI, USA) to simulate the opening of a TAV device stent that
pushes the native cusps open towards the coronary ostium. For each patient anatomy, the
simulation expanded the TAV device stent to the diameter of the valve size that would be
appropriate for that patient’s anatomy, as determined by the structural heart team at Ohio
State University Wexner Medical Center. The simulated TAV expanded diameters and the
valve sizes received are given in Table 1. Material properties of the pressurized aortic root
were assigned using an isotropic neo-Hookean hyper-elastic model based on the studies by
Bosmons et al. (2016), Auricchio et al. (2014), and Martin et al. (2012). The strain energy
function is described below.

w=51-3-05LnD)+ %(Ln I?

Which gand A are shear and bulk modulus respectively and are shown in Supplementary
Table T1 for each part. Calcium nodules were approximated to be linear elastic. The
Young’s modulus was based on the nonlinear elastic material properties introduced by
Billiar and Sacks (30).

Figure 2D shows a schematic of the post simulation anatomy highlighting the closest
distance between the left cusp (point P¢in the figure) and corresponding coronary ostium
(point Pp) denoted as DLC. DL C represents the predicted gap in mm as would be seen in a
long axis plane showing both the coronary ostium and the native cusp. Figure 2E and 2F
show different three dimensional perspectives of the post simulation anatomy for the same
distance (DL C) from a cross sectional and top view for the same patient. DL C was then
normalized with respect to the corresponding coronary artery diameter (d), to obtain DLC/q,
which represents the fraction of distance between the aortic cusp and coronary ostium post
TAV deployment available for blood flow towards the coronary ostium. A fractional value
greater than unity indicates that the gap available for blood flow is greater than the coronary
artery diameter. A fractional value approaching zero indicates total occlusion.
Supplementary Figure S2 visualizes the same for four patients.
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2.3 In Vitro Validation:

The computational model was validated in-vitro as well as in-vivo. Two flexible patient-
specific 3D printed models of aortic root geometries, the first with 3D printed patient
calcium nodules, and the second without calcium nodules, were used to evaluate the
potential effects of rigid calcium nodules on cusps’ deformation during TAVR. The 3D
printed aortic root model was manufactured using Connex 350 3D printer (Stratasys, Eden
Prairie, MN) from TangoPlus material for the aorta and cusps with VeroWhite material used
for the calcium nodules (Figure 3). The flexible 3D printed model with the calcification
nodules itself was also validated, through comparison of patient hemodynamics (peak
gradients and velocities) with experimental values obtained from left heart flow simulator
studies (31,32). An idealized tool (Figure 3F) was used to open the cusps to the appropriate
stent size for the 3D printed models and was compared against the results of the FEA
simulation of the same patient with and without inclusion of calcium nodules. As shown in
Supplementary Figure S3 there was excellent agreement between the computational
prediction and experimental measurements of DLC.

Further validation of the 3D computational approach was achieved with the observation of
coronary occlusion to occur in two patients (J and T in Table 1) as predicted by the model
and confirmed by the operating surgeon during surgical AVR.

2.4 Statistical Analysis:

A Mann-Whitney non parametric comparison of means was performed for each of the three
parameters (DL C/d, h, and SOV4) to compare the mean parameter value between the two
groups; the 23 that received TAVR successfully and the 5 patients that did not receive a
successful TAVR. A sensitivity and specificity analysis was performed for each test (DLC/,
h, and SOV4) by identifying how many patients would identify as true positive, false
positive, true negative or false negative for coronary obstruction under a range of cutoff
values. Sensitivity is then calculated as:

True positives
True positives + False negatives’

Sensitivity =

While specificity is calculated as:

True negatives
True negatives + False positives’

Specificity =

as described in Lalkhen and McCluckey (2008) (33).

3. Results:

Here we present results that compare the ability of solely conventional parameters such as /
and SOVd and the new parameter DL C/d'to differentiate which high risk patients are not
actually at risk and are indeed candidates for TAVR. Routine anatomical measurements of /
and SOVd along with measured values from the 3D computational model, DLCand DLC/d,
for the high risk study population (28 patients) are presented in Table 1.
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3.1 Current guidelines (h,SOVd):

Figure 1 shows the risk assessment for left coronary obstruction occurrence under the
existing guidelines (i.e. #< 12and SOVd < 30mm) based on Ribeiro et. a/(18). Obstruction
of the right coronary artery was not evaluated due to lack of right coronary obstruction in
our patient population. Accordingly left coronary obstruction was expected to occur for 22
of the 28 patients, with left SOVd'in the range 26.0-36.2 (mm) and left coronary artery
height (LCA#) in the range of 7.09-19.0 (mm).

3.2 3D predictive model (DLC/d):

The distribution of DL C/damong the patient population is shown in Figure 4. The range of
values for DL C/d for the patients is between 0.0203 and 3.89. The horizontal line between
0.5 and 0.7 approximately separates patients who successfully received TAVR (above the
line) from those who did not. The one blue data point that lies just below the horizontal line
successfully received TAVR but only with coronary protection using a stent.

3.3 Comparison to current guidelines:

The mean and standard deviations of the parameter values for those high risk patients who
successfully received TAVR without coronary obstruction are compared to those who did not
receive TAVR successfully in Figure 5. The means for these two groups were compared
using a Mann-Whitney non parametric test, and the only significant difference between the
two groups was found for the DL C/d parameter, withp < 0.00078. Neither LCAA nor SOVd
was significantly different between the two groups with p=0.35238 and p=0.32218
respectively.

Figure 6 shows sensitivity and specificity curves generated for each of the three parameters
to accurately predict whether TAVR within this high risk patient population would not be
successful. Figure 6A shows that the sensitivity of LCA# increases steadily from 0% at an
L CAh cutoff of 7 mm to a 100% sensitivity at L CAA cutoff at 12 mm. Specificity of LCAh
on the other hand drops steadily from 100% at 7mm to 0% at a cutoff of 19 mm. The
crossover point for sensitivity and specificity for LCA# as an optimal predictor of coronary
obstruction was at L CA/h = 10mm with approximately 60% sensitivity and specificity. The
sensitivity and specificity of SOVd as an independent predictor of unsuccessful TAVR is
shown in Figure 6B. The sensitivity increases from 0% at SOV4d of 28mm to 100% at 38mm.
Specificity drops from 100% at 26mm to 0% at 38mm. The optimal crossover point occurs
approximately at 30.5mm with a sensitivity and specificity of 40%. With respect to
sensitivity and specificity of the 3D computational parameter DL C/d (Figure 6C), the
sensitivity is 0% at a value of 0.2 and increases to 100% at a value of 0.45. The specificity
drops from 100% at a value of 0.4 to 66% at a value of 1.0. The optimal crossover point is
slightly below 0.45 with a sensitivity and specificity of 96%. There is a range of DLC/d
from 0.45 to 0.70 for which the sensitivity and specificity exceed 95%.

4. Discussion:

Although the prevalence of coronary obstruction during TAVR procedure is rather low (<
1%), it is a time-sensitive and life-threatening complication. In order to minimize cases of
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coronary obstruction after TAV deployment, studies have introduced safety guidelines that
attempt to use geometrical factors of patient aortic root geometry prior to implantation to
assess patient risk (19-22,29,34). In one such study, Ribeiro et. al. reported that the average
coronary artery height (/) and mean sinus of Valsalva diameter (SOV4) were smaller for
patients that suffered coronary obstruction during TAVR(18). These concepts were applied
to a large population of patients that underwent TAVR (n = 6688, 44 with coronary
obstruction) and standard parameters indicating the potential for coronary obstruction were
suggested as follows: 1) #< 12 mm, 2) SOVd' < 30 mm (18). In a smaller observational
study Yamamoto ef a/. (19) examined 666 cases of TAVR (10 with coronary obstruction),
and created their own criteria for potential risk: 1) #< 10 mm, 2) valve cusp length greater
than A, and 3) shallow SOV (SOVd = 28.5 mm) with massive calcification. Although both of
these reports suggest /7and SOVd are important, other features are likely overlooked. The
effect of the calcific nodules, for example, was not considered as a main anatomic predictor
of coronary obstruction (18). Tops et al. (2008), Apfaltrer et al. (2011), and Binder et al.
(2013) suggested noninvasive evaluation of aortic root using multi-slice CT (MSCT),
aortoiliac CT, multidetector CT (MDCT), and three-dimensional modeling to provide more
precise information on how aortic root geometry could play a role in complications such as
coronary obstruction and paravalvar leakage.(20-22) Additional studies have focused on
computational modeling using finite element analysis (FEA) as a powerful tool to optimize
pre-operative planning of TAVR and evaluate its adverse outcomes in patient-specific
geometries (23-28).

Not only have we shown that these safety guidelines that attempt to use geometrical features
of patient’s aortic roots prior to implantation are not always accurate in flagging patients
with risk of coronary obstruction, but also that they significantly reduce the number of
patients who could have safely undergone TAVR without coronary obstruction.

In this study, we evaluate the predictive capacity of existing methods and propose a novel
method for the investigation of coronary obstruction risk in patients with severe aortic
stenosis prior to TAVR who were flagged as at risk based on conventional predictive
guidelines. The novel method utilizes 3D reconstructed patient geometry for simulation of
TAV deployment using FEA. The current guidelines for high risk of coronary obstruction
include SOV4 less than 30 mm (18) and coronary ostium height (/) greater than 12 (mm)
(35,36), although these guidelines are not consistently recognized throughout US hospitals.
Individual transcatheter valve manufacturers impose their own guidelines, for example,
CoreValve Evolut R & PRO manufacturers suggest that SOV@ of = 27 mm and = 29 mm
should be included (for the 26-mm and 29-mm Evolut R & PRO respectively). Similar to the
SOVd guideline, coronary height #=14 is recommended by the CoreValve Evolut R & PRO
manufacturers. The latter guideline would exclude all but two of the patients in this study
population, many of whom who safely underwent TAVR without coronary obstruction. On
the other hand, the patient specific 3D predictive model captures a much more accurate
representation of the TAVR procedure and would capture the final configuration of TAV
stent along with native cusp and aortic wall precisely. Based on our findings, the parameter
DLC/d> 0.7 when /< 14 mm and/or SOVd < 30 mm should be considered as patients who
are not actually high risk for left coronary obstruction and patients who have DLC/d< 0.5
are at severe risk of coronary obstruction and TAVR should not be attempted in these
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patients. Further studies are needed to resolve the patients where DL C/d lies between 0.5
and 0.7. Until then, these patients should be approached with caution with potential coronary
protection strategies. Further, for patients with 2> 14 mm and SOVd'> 30 mm, there does
not seem to be any benefit to perform simulations to evaluate DL C/d'because there is no
known case of coronary obstruction in this group and furthermore the objective of the new
computational model is not to replace the current guidelines but to only augment the
predictive power.

5. Limitation:

In this study we are not looking at coronary obstruction from conduit of TAV, which can
occur due to mal-positioning (supra-annular) of TAV. Additionally, right coronary
obstruction is not evaluated, since obstruction of right coronary is much less prevalent
compared to left coronary (8-10). However, the 3D model is likely applicable to right
coronary artery for pre-operative risk assessment of coronary obstruction. Another limitation
of the study is the small number of cases evaluated for coronary obstruction, which is due to
its relatively rare occurrence.

6. Conclusion:

We have successfully developed a highly accurate model to screen patients for possible
coronary obstruction during TAVR based on criteria that can be readily calculated from
current pre-TAVR CT angiographic imaging utilizing 3D FEA analysis. Neither /#nor SOVd
is predictive of coronary obstruction when considering high risk patients with /< 14 mm
and/or SOVd < 30mm. However, the new parameter DL C/d is predictive of coronary
obstruction for the same high risk group. The performance of DL C/dwas validated in-vitro
and clinically. Results indicate that a significantly high fraction of patients who have /< 14
mm and/or SOV < 30mm can be safely treated with TAVR if assessed with DLC/d as
compared to the current guidelines using SOVdand /alone. These findings shed light on a
rare but significant potential complication during TAVR, and can assist heart teams in the
decision-making process prior to the TAVR procedure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Study population characterized by conventional parameters (coronary height (/) < 14 mm

and Sinus of Valsalva diameter (SOV4) < 30 mm) used to predict left coronary artery
obstruction prior to transcatheter aortic valve replacement (TAVR) with origin located at
(12,30); Green squares represent the only patients who would have been approved for TAVR
under these current guidelines.
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Figure 2.
Example of patient specific 3D modeled aortic root with left coronary artery (LCA), right

coronary artery (RCA), and yellow calcific nodules; (A) side view (B) aortic view (C)
ventricular view; The measured distance from a point on cusp/or cusp calcium (Pc) to a
point on the upper ostium of the coronary artery (Po) following a transcatheter valve
replacement (DLC) from (D) Idealized root schematic from the side view; example finite
element simulated post-TAVR aortic root with DL C from a top view (E) and side view (F)
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Figure 3.
The 3D printed aortic root model was manufactured from TangoPlus material, VeroWhite

material was used for calcium nodule, both printed using Connex 350 3D printer (Stratasys,
Eden Prairie, MN) (Figure 3, A). Particle image velocimetry (P1V) experiments (Figure 3,
B) were performed to validate the 3D printed calcified aortic root model and compare with
in-vivo ultrasound Doppler jet velocity for the patient. Detailed methodology of the PIV
experiments may be found in literature 1. Comparison of the temporal velocity profile
corresponding to a point located at the exit of the systolic jet of the valve (Figure 3, C) with
Doppler data is shown in (Figure 3, D and E). As can be seen, the result shows good
agreement between the in-vivo and in-vitro data. The maximum velocity in the PIV data was
found to be 2.10 m/s which compares well with 2.24 m/s obtained from the ultrasound.
Expansion tool with increasing diameter, which mimics balloon expansion (Figure 4, F).
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Figure 4.
Study population characterized by 3D predictive model (DLC/d' < 0.7) used to predict left

coronary artery obstruction prior to transcatheter aortic valve replacement; Blue dots
represent the patients who were be approved for transcatheter aortic valve replacement under
these suggested guidelines, red triangles represent those who were not approved and
received other treatment, and the orange diamond represents the one patient where
transcatheter aortic valve replacement resulted in coronary obstruction (the model was not
computed prior).
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Figure 5.
The mean and standard deviations of the parameter values (DL C/d, coronary artery height

(/) and Sinus of Valsalva diameter (SOV@)) for those high risk patients who successfully
received a transcatheter aortic valve replacement without coronary obstruction are compared
to those who did not receive a transcatheter aortic valve replacement successfully. A
significant difference between the two groups was found for the DL C/d parameter at
significance level 0.05. Neither /nor SOVd was significantly different between the two
groups.
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Figure 6.
Sensitivity and specificity curves generated for each of the three parameters (DLC/g,

coronary artery height (/) and Sinus of Valsalva diameter (SOVa@)) to predict whether
transcatheter aortic valve replacement within this high risk patient population would result in
coronary obstruction.
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List of coronary obstruction predictive parameters including currently used parameters namely coronary
ostium height, sinus of Valsalva diameter; and newly proposed predictive parameters based on the 3D
computational modeling for each patient.

Patient | Sex Age | Left Sinus of Left Valve Simulated DLC | DLC/d | TAVR
Coronary Valsava Coronary Diameter TAV Successful?
Artery Diameter Artery (mm) Expanded
Height (mm) Diameter Diameter
(mm) (mm) (mm)
A Male 86 13 32 3.62 25 25 3.47 0.96 Yes
B Female 70 12 27 5.42 23 23 7.44 1.37 Yes
C Male 88 7.09 36.2 53 26 26 2.29 0.43 Yes
D Female 89 9 30 5.49 23 23 3.85 0.70 Yes
E Male 93 13 30 2.79 23 23 3.02 1.08 Yes
F Female 79 10 30 3.31 23 23 3.26 0.98 Yes
G Female 81 12 29 5.59 26 26 5.69 1.02 Yes
H Male 94 9 32 4.55 NA 26 0.924 0.20 No
| Female 81 9 30 3.97 29 29 2.78 0.70 Yes
J Female 75 9 28 5.72 NA 23 1.16 0.20 No
K Male 80 12 37 5.43 29 29 181 0.33 No
L Female 68 8 26 4.56 23 23 3.61 0.79 Yes
M Female 88 13 30 4.97 29 29 7 141 Yes
N Female 91 19 28 3.61 29 29 9.06 2.51 Yes
(0] Female 81 8.5 31 3.08 29 29 3.74 121 Yes
P Female 77 8.9 31 3.2 23 23 5.04 1.58 Yes
Q Female 87 19 27 3.24 20 20 12.6 3.89 Yes
R Female 74 12 33 4.64 23 23 4.17 0.90 Yes
S Female 84 9 31 4.24 26 26 6.4 151 Yes
T Female 62 11 29 4.35 NA 23 1.9 0.44 No
U Female 7 8.5 26 4.19 26 26 3.98 0.95 Yes
\% Female 91 7.6 31 4.59 NA 23 1.84 0.40 No
w Female 82 11 27 3.18 23 23 3.61 1.14 Yes
X Female 72 13 29 491 26 26 7.92 1.61 Yes
Y Female 76 12 33 3.39 23 23 4.96 1.46 Yes
Z Male 61 8.6 29 2.56 26 26 6.98 2.73 Yes
AA Female 83 10 30 2.8 23 23 3.9 1.39 Yes
AB Female 77 13 28 2.7 23 23 6.25 231 Yes
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