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A B S T R A C T

Background: Despite the demonstrated benefits of transcatheter aortic valve replacement (TAVR), subclinical
leaflet thrombosis and hypoattenuated leaflet thickening are commonly seen as initial indications of decreased
valve durability and augmented risk of transient ischemic attack.
Methods: We developed a multiscale patient-specific computational framework to quantify metrics of global cir-
culatory function, metrics of global cardiac function, and local cardiac fluid dynamics of the aortic root and
coronary arteries.
Results: Based on our findings, TAVR might be associated with a high risk of blood stagnation in the neo-sinus
region due to the lack of sufficient blood flow washout during the diastole phase (e.g., maximum blood stasis
volume increased by 13, 8, and 2.7 fold in the left coronary cusp, right coronary cusp, and noncoronary cusp,
respectively [N ¼ 26]). Moreover, in some patients, TAVR might not be associated with left ventricle load relief
(e.g., left ventricle load reduced only by 1.2 % [N ¼ 26]) and diastolic coronary flow improvement (e.g.,
maximum coronary flow reduced by 4.94%, 15.05%, and 23.59% in the left anterior descending, left circumflex
coronary artery, and right coronary artery, respectively, [N ¼ 26]).
Conclusions: The transvalvular pressure gradient amelioration after TAVR might not translate into adequate sinus
blood washout, optimal coronary flow, and reduced cardiac stress. Noninvasive personalized computational
modeling can facilitate the determination of the most effective revascularization strategy pre-TAVR and monitor
leaflet thrombosis and coronary plaque progression post-TAVR.
A B B R E V I A T I O N S 3D, 3-dimensional; AS, aortic stenosis; CT, computed tomography; DE, Doppler echocardiography; HALT, hypo-
attenuated leaflet thickening; LAD, left anterior descending; LCC, left coronary cusp; LCX, left circumflex; LV, left
ventricle; NCC, noncoronary cusp; RCA, right coronary artery; RCC, right coronary cusp; TAVR, transcatheter
aortic valve replacement.
Introduction

As transcatheter aortic valve replacement (TAVR) has moved to the
forefront of valvular interventions, certain complications have emerged.
Most recently, clinical or subclinical valve thrombosis (detected by
hypoattenuated leaflet thickening or HALT) has been shown to restrict
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valve leaflet mobility and increase the risk of early valve deterioration or
consequent embolic stroke.1–3 The prevalence of leaflet thrombosis and
subclinical HALT is uncertain, with reported frequencies up to 30% for
leaflet thrombosis4 and up to 40% for HALT5 in the literature. Despite
those unfavorable trends, there is still no clear understanding of the
hemodynamic details and correlations with clinical outcomes.6–8
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Our understanding of the occurrence of leaflet thrombosis and HALT
in TAVR patients is restricted, and the link between leaflet thrombosis
and hemodynamics is obscure.9 After TAVR, an immediate decrease in
transvalvular pressure gradient is likely as a result of aortic stenosis (AS)
removal. However, the correlation between HALT and aortic valve he-
modynamics is uncertain, with some studies suggesting a correlation
between HALT and reduced leaflet motion/elevated pressure
gradient10,11 and others suggesting otherwise.6,8 Therefore, the diagnosis
of a positive HALT is primarily based on the observed reduced leaflet
motion through computed tomography (CT) imaging. However, most
patients are asymptomatic and repeated CT scans can be harmful for a
vast majority of the patients.6,12 While anticoagulation is currently the
standard treatment for HALT, there is ongoing debate and uncertainty
about the best antiplatelet and anticoagulation therapy.6 Therefore, there
is a huge motivation to investigate hemodynamic features, such as flow
stasis patterns, to predict blood stagnation on a case-by-case basis in
order to assess the clinical consequences and the underlying fluid dy-
namic mechanisms of leaflet thrombosis risk.13

Long-term hemodynamic complications (such as leaflet thrombosis)
can be diagnosed in early stages using computational modeling.14,15,16

Accurate diagnosis relies on quantifying certain requirements: global
hemodynamics (1) cardiac function metrics (e.g., heart workload) and
breakdowns of each cardiovascular disease element's hemodynamics and
local hemodynamics (2) aortic root and coronary arteries fluid dynamics
(e.g., 3-dimensional [3D] flow information). In this study, we developed
a diagnostic computational framework (using a patient-specific image--
based lumped parameter algorithm and computational fluid dynamics) to
investigate the impact of TAVR on both local and global hemodynamics
to investigate the progression of thrombotic process after TAVR
(Figure 1). We used the clinically measured hemodynamic metrics of 26
patients in both pre- and post-TAVR conditions to provide novel hemo-
dynamic analysis and interpretations of clinical data (Figures 2–7). To
the best of our knowledge, this is the first study that investigated the
effects of TAVR on blood thrombosis in terms of both local and global
hemodynamics.

Methods

Study Population

Among a cohort of 250 patients, 26 patients with severe AS who
received TAVR (Table 1: patient characteristics) and underwent a follow-up
echo and CT post-TAVR were retrospectively selected from anonymized
databases between 2020 and 2022 at the Hamilton General Hospital in
Hamilton, Ontario, Canada. Patients’ selections for post-TAVR CT were
done by the heart team blinded to the study objectives, excluding those
with eithermedical (e.g., substantial possibility of contrast nephropathy) or
social (e.g., unable to go or refused to take part) impediments to executing
the follow-up CT. In addition, those treated for surgical aortic bioprostheses
degeneration (i.e., valve-in-valve) and those with unsuccessful devices as
per VARC-2 (Valve Academic Research Consortium) criteria were
excluded.17 Other exclusion criteria were any patient data with missing
required inputs for the computational modeling. We did not exclude any
data based on image quality. All discrepancies were sorted out by
communicating with the local investigators. The protocols were reviewed
and approved by the Hamilton Integrated Research Ethics Board and
informed consents were collected from all participants. Measurementswere
obtained according to guidelines including American Heart Association,
American College of Cardiology, and American Society of Echocardiogra-
phy.18,19 Data were collected at both preprocedure and postprocedure time
points. Results were expressed as mean � standard deviations.

Doppler Echocardiography

Doppler echocardiography (DE) data included the measurements and
reports that were collected preprocedure and at postprocedure.
2

Echocardiograms and reports were reviewed and analyzed in a blinded
fashion by senior cardiologists using OsiriX imaging software (OsiriX
version 8.0.2; Pixmeo, Bernex, Switzerland).
Computed Tomography

CT images of the patients (both pre- and post-TAVR) were used to
segment and reconstruct the 3D geometries. Detailed information
regarding geometry reconstruction is outlined in the Supplemental
Materials.
Statistical Analysis

For the variables presented in this study, baseline patient information
is reported as number (percentages) for categorical variables and mean�
standard deviation or median (interquartile range) for continuous vari-
ables depending on normality. Continuous variables were tested for
normality using the Shapiro-Wilk test. Correlations between the contin-
uous variables were performed using parametric Pearson’s r or
nonparametric Spearman’s rho. Paired samples t-tests were performed on
pre-post TAVR variables using Mann-Whitney U or Wilcoxon W
depending on normality. Statistical significance based on the corre-
sponding test’s p-value was considered as follows (medium p < 0.05;
strong p < 0.01; very strong p < 0.001). All analyses were performed
using Jamovi (v.1.8).
Numerical Study

Global Hemodynamics
We have previously developed a Doppler-based patient-specific

lumped parameter algorithm to quantify global hemodynamics for
complex valvular, vascular, mini-vascular, and ventricular disease (C3V-
lumped parameter model)20,21 (Figure 1, Supplemental Table 1) in both
pre- and post-TAVR conditions (See Supplemental Materials). The model
uses a limited number of input parameters, all of which can be reliably
obtained using DE (e.g., stroke volume, heart rate, ejection time,
ascending aorta area, aortic valve effective orifice area, and aortic
regurgitation effective orifice area) and a sphygmomanometer (systolic
and diastolic blood pressures). Note that the proposed method does not
need catheter data for calculation of left ventricle (LV) workload or the
other hemodynamics parameters. The computed LV workload in our
study is the integral of LV pressure and its volume change (calculated by
our lumped parameter algorithm) and was estimated as the area covered
by the LV pressure–volume (P-V) loop. The developed framework was
validated against cardiac catheterization data with a considerable inter-
and intra-patient variability with a broad range of diseases in a popula-
tion of forty-nine patients (with AS).20 Moreover, some of the sub-models
of the patient-specific lumped parameter algorithm have been used
previously,20,22–31 with validation against in vivo cardiac catheteriza-
tion32,33 in patients with vascular diseases, in vivo magnetic resonance
imaging data34 in patients with AS, and in vivo magnetic resonance
imaging data35–37 in patients with mixed valvular diseases and
coarctation.

Local Hemodynamics
We developed a fluid-solid interaction and lumped parameter

modeling framework to calculate 3D blood flow dynamics in all main
coronary artery branches (left main coronary artery, left anterior
descending [LAD], left circumflex [LCX], and right coronary artery
[RCA]), aortic root, ascending aorta, sinus, and neo-sinus regions for both
pre- and post-TAVR (Figure 1) (See Supplemental Materials). Our
patient-specific lumped parameter model and 3D fluid-solid interaction
modeling (used to compute local hemodynamics) were validated against
in vivo DE data as explained in Khodaei et al22,24,38 and
Keshavarz-Motamed et al.39



Figure 1. (a) Schematic of computational domain. This model incorporates the following sub-models. (1) ascending aorta and aortic root, (2) left ventricle, (3) left
anterior descending coronary artery, (4) left circumflex coronary artery, and (5) right coronary artery. Abbreviations are the same as in Supplemental Table 1; (b)
Sample results of local and global hemodynamic outputs produced by non-invasive computational framework.
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Results

Blood Flow Stasis (Local)

The total amount of areas within the sinus and neo-sinus regions
with velocity less than 0.001 m/s was determined for all patients as
an indicator of halted blood flow which is associated with a great
3

risk of creating a thrombus layer on the leaflets.38,40,41 Our results
demonstrated that for all individuals, regardless of their clinical
state, TAVR procedure was linked to a significantly greater possi-
bility of blood clotting and thrombus accumulation owing to the
hampered washout of the aortic root and the irregular vortical
structures (Figure 2). At the peak diastole, the stagnant volume of
flow for the left coronary cusp (LCC) neo-sinus had an average



Figure 2. Local hemodynamics at baseline and post-TAVR in patient #21. (a) Blood flow vortical structure in the sinus and neo-sinus in the central plane of each
leaflet during diastole in pre- and post-TAVR states; (b) Blood stasis volume per leaflet neo-sinus at peak diastole and CT-based evidence of hypoattenuated leaflet
thickening on the leaflets. In patient #21, the disturbed vortical structure due to the malpositioning of prosthetic valve and its interaction with the coronary ostium
inflow as well as anatomical alterations of aortic root impede the proper flow washout with significant increase of blood stasis volume post-TAVR.
Abbreviations: CT, computed tomography; LCC, left coronary cusp; NCC, noncoronary cusp; RCC, right coronary cusp; TAVR, transcatheter aortic valve replacement.
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increase of over 13-fold (t ¼ 5.05; p < 0.001), 8-fold for the right
coronary cusp (RCC) neo-sinus (t ¼ 4.78; p < 0.001), and 2.7-fold
for noncoronary cusp (NCC) neo-sinus (t ¼ 4.78; p < 0.001),
resulting in a total increase of 4 times across all cups (t ¼ 5.86; p <

0.001) (Figure 4a-d). Prior to and after TAVR, NCC faced an
augmented risk of thrombosis (81% pre-TAVR and 56.5%
post-TAVR). Following NCC, RCC experienced a heightened risk of
thrombosis (13.5 % pre-TAVR and 27.7% post-TAVR), with LCC
being the least vulnerable to thrombosis (5.5% pre-TAVR and 15.8%
post-TAVR). Interestingly, we noticed a similar pattern in the cal-
cium volume division (calcium volume score) of leaflets, with NCC
having the greatest calcium volume (44.8%), trailed by RCC (33%)
and finally LCC with the least calcium amount out of all the cusps
(22.2%) (Figure 4e).
4

Coronary Blood Flow (Global)

Even though it is anticipated that the inflow of blood to the coronary
arteries would augment after the prosthetic valve implantation and AS
obstruction removal, our results showed that diastolic flow decreased in
many cases and only a slight increase in systolic flow occurred for each of
the coronary branches (See Figure 3 for one patient sample). As shown in
Figure 5, on average, the peak systole flow increased 6.4% and 21.38%
for LAD and RCA, respectively, while it remained almost unchanged
(<1%) for LCX. Also, the peak diastole flow decreased by 4.94%, 15.05%,
and 23.59% for LAD, LCX, and RCA, respectively. When examining each
case individually (Figure 5), it was observed that there were diverse
trends among the patients with regard to the enhancement of coronary
flow after TAVR.



Figure 3. Global hemodynamics at baseline and post-TAVR in patient #21. (a) LV workload, LV and ascending aorta pressures; (b) Changes in computed
coronary flowrate for LAD, LCX, and RCA branches pre- and post-TAVR.
Abbreviations: LV, left ventricle; TAVR, transcatheter aortic valve replacement.
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Left Ventricle Hemodynamics (Global)

The LV workload specifies the overall energy demanded by the
ventricle to eject blood, which is a precise measure of LV load and
clinical state.20 The magnitude of the LV load is reliant on both the LV's
pressure and its volume, and an overloaded LV (greater than 1J) is
connected to disproportionate contribution of pressure and volume to
LV’s work.20,24 As an illustration, for patient #21 (Figure 3), the surplus
5

LV load after TAVR (1.64 J) was caused by persistent high pressure in LV
(e.g., LV peak pressure was 155 mmHg post-TAVR). Despite the
remarkable decrease in aortic valve pressure gradient as well as modest
decrease in peak LV pressure for all patients following TAVR (Figure 6a
and c), the LV workload failed to improve in more than half of the cases
(Figure 6b). As shown in Figure 6, while on average, the aortic valve
mean pressure gradient and peak LV pressure dropped by 63.14% (t ¼
11.51; p < 0.001) and 15.35% (t ¼ 6.04; p < 0.001), respectively, after



Figure 4. Local hemodynamics at baseline and post-TAVR (N ¼ 26). (a) LCC neo-sinus stasis volume; (b) RCC neo-sinus stasis volume; (c) NCC neo-sinus stasis
volume; (d) Total neo-sinus stasis volume; (e) Distributions of calcium volume per leaflet and blood stasis volume per leaflet pre- and post-TAVR.
Abbreviations: LCC, left coronary cusp; NCC, noncoronary cusp; RCC, right coronary cusp; TAVR, transcatheter aortic valve replacement.
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TAVR, the workload burden was not removed (only 1.2% decrease in
workload [t ¼ 0.09; p ¼ 0.929]) after TAVR. Furthermore, it was
observed that the workload of 20 patients (76.92% of the cases inves-
tigated in this study) was persistently greater than 1J post-TAVR,
6

signifying that the ventricle was overloaded after intervention. Among
26 patients in this study, the LV workload increased post-TAVR for 13
patients. In these 13 patients, post-TAVR, aortic regurgitation was
worsened in 30% of the cases, mitral valve regurgitation was worsened



Figure 5. Local hemodynamics at baseline and post-TAVR (N ¼ 26). (a) LAD peak diastolic flow; (b) LAD peak systolic flow; (c) LCX peak diastolic flow; (d) LCX
peak systolic flow; (e) RCA peak diastolic flow; (f) RCA peak systolic flow.
Abbreviation: TAVR, transcatheter aortic valve replacement.
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in 30% of the cases, forward LV stroke volume increased in 77% of the
cases, hypertension increased in 77% of the cases, the aortic valve
effective orifice area did not change for 30% of the cases, and systemic
compliance decreased in 54% of the cases.
7

Leaflets’ Calcium Volumes vs. Hemodynamic Parameters (Local and Global)

We examined the correlation between the pre-TAVR calcium volume
of the leaflets (LCC, RCC, and NCC) and hemodynamic parameters (local



Figure 6. Global hemodynamics at baseline and post-TAVR (N¼ 26). (a) LV workload; (b) Aortic valve mean pressure gradient; (c) Ejection fraction; (d) Box plots
comparing LV workload and clinical parameters pre- and post-TAVR.
Abbreviations: LV, left ventricle; TAVR, transcatheter aortic valve replacement.
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and global). As shown in Figure 7a and b, NCC calcification volume was
positively correlated with LCC blood stasis volume (r ¼ 0.43; p ¼ 0.02),
whereas it was inversely correlated with commissural misalignment (r ¼
�0.534; p ¼ 0.005) after TAVR. Similarly, NCC calcium volume was
8

moderately correlated with RCC blood stasis volume pre-TAVR (r ¼
0.457; p ¼ 0.019) as shown in Figure 7c. Moreover, we observed
(Figure 7d) a very strong negative correlation between total calcium
volume and coronary resistance (r ¼ �0.652; p < 0.001) as well as



Figure 7. Correlation analysis between calcium volume of the leaflets and hemodynamic parameters (local and global) (N ¼ 26). (a) Scatter plot of NCC
calcium volume vs. LCC blood stasis volume (post-TAVR); (b) Scatter plot of NCC calcium volume vs. commissural misalignment (post-TAVR); (c) Scatter plot of NCC
calcium volume vs. RCC blood stasis volume (pre-TAVR); (d) Scatter plot of total calcium volume vs. coronary resistance (pre-TAVR); (e) Scatter plot of total calcium
volume vs. NCC blood stasis volume (pre-TAVR); (f) Scatter plot of total calcium volume vs. total blood stasis volume (pre-TAVR); (g) Scatter plot of RCC calcium
volume vs. LV load (pre-TAVR); (h) Scatter plot of RCC calcium volume vs. LV load (post-TAVR); (i) Box plots comparing blood stasis volume changes after TAVR per
leaflet for all patients.
Abbreviations: LCC, left coronary cusp; LV, left ventricle; NCC, noncoronary cusp; RCC, right coronary cusp; TAVR, transcatheter aortic valve replacement.
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Table 1
Patient characteristics

Patient description Pre-TAVR (n ¼ 26, mean � SD) Post-TAVR (n ¼ 26, mean � SD)

Mean age (y) 76.3 � 6.8 76.3 � 6.8
Gender (Male: 14; female: 12) (Male: 14; female: 12)
Mean weight (kg) 87 � 28.8 87 � 28.8
Mean height (cm) 166.4 � 10.11 166.4 � 10.11
Society of Thoracic Surgeons score (%) 2.8 � 1.84 2.8 � 1.84
Body surface area (BSA) 1.90 � 0.28 1.90 � 0.28
Smoker n ¼ 6 n ¼ 6
Prior atrial fibrillation (AF) n ¼ 4 N/A
Previous stroke n ¼ 3 N/A
Arterial hemodynamics
Systolic arterial pressure (mmHg) Pre-TAVR: 132 � 19.72 Post-TAVR: 140 � 24.45
Diastolic arterial pressure (mmHg) Pre-TAVR: 69.7 � 9.8 Post-TAVR: 72 � 16.48
Coronary artery disease (CAD) n ¼ 5 n ¼ 5
Hypertension (HTN) n ¼ 18 n ¼ 18
Dyslipidemia n ¼ 10 n ¼ 10
Prior coronary angiogram n ¼ 5 N/A
Coronary angiogram during TAVR n ¼ 12 n ¼ 12
Prior percutaneous coronary intervention (PCI) n ¼ 4 N/A
Hemoglobin level (g/dL) (day of procedure) 132 � 17 132 � 17
Creatinine (mg/dL) (day of procedure) 82.71 � 19.25 82.71 � 19.25
Chronic kidney disease (CKD) n ¼ 4 n ¼ 4
Chronic obstructive pulmonary disease (COPD) n ¼ 4 n ¼ 4
Anticoagulation n ¼ 5 n ¼ 5

Aortic valve hemodynamics
Aortic valve area (cm2) Pre-TAVR: 0.82 � 0.18 Post-TAVR: 1.68 � 0.52
Aortic valve area index Pre-TAVR: 0.43 � 0.09 Post-TAVR: 0.89 � 0.28
Stenotic aortic valve type Tricuspid: 19; bicuspid: 7 Tricuspid: 26
Prosthetic size (mm) N/A 25 � 2.5
Prosthetic type

Edwards SAPIEN 3 N/A n ¼ 26
Maximum aortic valve pressure gradient (mmHg) Pre-TAVR: 84.66 � 20.44 Post-TAVR: 27.8 � 11.3
Mean aortic valve pressure gradient (mmHg) Pre-TAVR: 48.42 � 12.54; Post-TAVR: 17.8 � 8.34
Maximum aortic valve velocity (m/s) Pre-TAVR: 4.57 � 0.53; Post-TAVR: 2.59 � 0.51
Doppler velocity index (DVI) Pre-TAVR: 0.25 � 0.05 Post-TAVR: 0.48 � 0.11
Pre-dilation n ¼ 5 N/A
Post-dilation N/A n ¼ 4

Left ventricle and atrial hemodynamics
Ejection fraction (%) Pre-TAVR: 61 � 7.9 Post-TAVR: 63.53 � 7
Heart rate (bpm) Pre-TAVR: 73 � 13 Post-TAVR: 72 � 12
LV mass index Pre-TAVR: 93.36 � 19.65 Post-TAVR: 93.27 � 27.93
New onset atrial fibrillation (AF) N/A n ¼ 4
New left bundle branch block (LBBB) N/A n ¼ 6

LV, left ventricle; TAVR, transcatheter aortic valve replacement.
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medium correlation between the total calcium score and both NCC and
total blood stasis volumes pre-TAVR (r ¼ 0.473; p ¼ 0.015 NCC and
r ¼ 0.432; p ¼ 0.028 total stasis volume) as shown in Figure 7e and 7f.
Among other global hemodynamic metrics, we observed (Figure 7g and
h) a strong correlation between the RCC calcium volume and the LV load
in both pre- and post-TAVR states (r ¼ 0.622; p < 0.001 pre-TAVR and
r ¼ 0.468; p ¼ 0.016 post-TAVR). In summary, our findings showed that
calcium volume score assessment could be an effective metric to predict
future hemodynamic complication after TAVR. Additionally, we found
that a substantial amount of calcium volume on the RCC leaflet is linked
with a higher LV load.

Implantation Depth and Valve Size vs. Hemodynamic Parameters (Local
and Global)

We examined the correlation between the valve size parameters
including valve nominal area and area cover index as well as implanta-
tion depth with the hemodynamic parameters (please refer to Supple-
mental Material for the statistical analysis). We did not observe any
significant correlation between valve size parameters and the stasis of
blood flow (e.g., for total blood stasis and valve nominal area: r ¼ 0.18; p
¼ 0.388). We also did not observe any significant correlation between
implantation depth and the stasis of blood flow. More specifically, the
following statistical correlation results were observed between implan-
tation depth and blood stasis regions per leaflet post-TAVR: r¼ 0.224 and
10
p ¼ 0.282 for LCC blood stasis, r ¼ 0.053 and p ¼ 0.802 for RCC blood
stasis, r ¼ 0.284 and p ¼ 0.168 for NCC blood stasis, and r ¼ 0.283 and p
¼ 0.179 for total blood stasis volume. In terms of coronary flow, based on
the preliminary correlation analysis with all patient-specific variables
against total mean coronary flow, we identified key parameters for
multivariate regression as left coronary height, LV load, aortic root
diameter, valve-to-left coronary distance and valve-to-right coronary
distance. Overall, regression for total mean coronary flow pre-
intervention was significant (R2 ¼ 0.67; F(3, 22) ¼ 14.6; p < 0.001) with
only the LV load being the significant predictor. Conversely, after inter-
vention, the fitted model that included valve-to-coronary distances, im-
plantation depth, and implanted valve size was found to be a better
predictor for total mean coronary flow (R2 ¼ 0.894; F(7, 17) ¼ 20.4; p <
0.001) with the strongest predictors being the valve-to-left coronary
distance (F ¼ 8.813; p < 0.01), LV load (F ¼ 7.824; p < 0.05) and the
aortic root diameter (F ¼ 4.5; p < 0.05). The valve-to-right coronary
distance, the left coronary height, implanted valve size, and depth did not
significantly predict the total mean coronary flow.

In summary, our analysis revealed that the valve size and implanted
depth are not independent significant predictors of local and global he-
modynamic outcomes such as blood flow stasis, coronary flow, and LV
load. However, we found that the valve-to-coronary distance, which is an
indirect parameter linked to the proportion of valve size and aortic root
size, could predict the coronary flow. In other words, not the valve size or
implanted depth themselves, but the geometrical configuration
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(and available space gap for fluid to flow) is a predictor of coronary flow
after intervention. Therefore, a choice of larger valve size and over-
expansion to prevent complications such as paravalvular leakage might
end up with restricting the coronary blood flow.

Discussion

Within the native aortic valve and the aortic root, a whirling
motion of the flow occurs along the sinuses of Valsalva which
supplies the coronary arteries with blood during diastole and also
helps to washout the blood from the sinus, preventing stagnation
(Figure 2). Following intervention, TAVR implantation involves
geometric components such as commissural misalignment, the depth
of implantation, and misdirected deployment, which then affects the
natural flow of blood in the sinus of Valsalva.42 This leads to a
compromise between the flow of blood needing to reach the coro-
nary circulation and the flow necessary for neo-sinus washout. The
ramifications of this condition are still largely unstudied, and more
research is necessary. It is important to quantify global and local
flow,30,31 as this can help detect issues which standard anatomical
assessments overlook.24,43 These alterations can result in thrombosis
down the line (Figure 8), and would have likely gone undetected if
a hemodynamic evaluation had not been done.43

The purpose of this study was to determine whether the global
and local hemodynamic disturbance caused by the geometrical
configuration of transcatheter heart valves and their interactions
with the coronary flow could potentially be the trigger point for
subclinical valve thrombosis seen in some TAVR patients. We
examined the correlation of detailed individualized geometrical
factors after transcatheter heart valves deployment such as
commissural misalignment, annular diameter, aortic root diameter,
aorta angle, sinus diameter, valve size, implantation depth, valve to
coronary distance, and coronary height as well as coronary hemo-
dynamics on blood flow stasis in sinus and neo-sinus regions. In
addition, we explored the leaflets calcification volumes correlation
Figure 8. TAVR and the challenge of reducing the risk of leafl
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with the global and local hemodynamic parameters. Our results
showed that the risk of blood stasis in the aortic root and sinus is
significantly higher after TAVR and is correlated with calcium vol-
ume distributions of leaflets before intervention. Additionally, we
observed that TAVR can have adverse impact on the global and local
hemodynamics for some patients, signifying the need for examining
each patient individually. Our study presents several findings, each
of which warrants individual discussion and consideration as out-
lined below.

TAVR Is Associated With High Risk of Blood Stagnation and Thrombosis in
Sinus and Neo-Sinus Regions

When the transcatheter valve is deployed, the native leaflets and the
prosthetic valve frame divide the area of natural sinus flow into 2 re-
gions, a sinus and a neo-sinus, which results in a disturbance of the
native flow.44 The outcomes of our research demonstrate that TAVR
alters the primary vortex pattern of the aortic root and sinus regions,
leading to a reduction in the draining of sinus flow and the circulation
of blood to the coronary arteries during diastole. We observed
(Figure 2) that after TAVR, the native aortic root flow splits into 2
streams: one toward the coronaries (sinus) and the other one toward the
aortic side of the bioprosthetic valve leaflets (neo-sinus). The swirling
flow in the neo-sinus areas have a spin that is in the opposite direction
to the original sinus flow, which has less power to transport the flow
away from the leaflet roots, causing a substantially greater amount of
stagnant blood after TAVR for all patients (Figures 2 and 4). While it has
been reported that the possibility of blood flow stasis is roughly the
same for LCC, RCC, and NCC neo-sinuses,45 our research indicated that
the likelihood of stasis varies with the amount of calcium and the
deployment specifics. Specifically, the NCC neo-sinus is more prone to
stagnant flow and is consequently more vulnerable to leaflet thrombosis
than LCC and RCC. The inefficient sinus and neo-sinus washout along
with increased blood stagnation increases the risk of thrombotic events
after TAVR.46,47
et thrombosis and coronary plaque progression over time.
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Aortic Valve Calcium Volume Could Predict Significance of Post-TAVR
Thrombosis and Cardiac Malfunction

With the increasing prevalence of TAVR, it is critical to evaluate the
degree of calcification carefully as studies have shown that calcification
of the aortic valve is connected to a variety of complications which may
occur during and after the procedure.48,49 In particular, disproportional
calcium volume of leaflets could restrict the optimal expansion of the
prosthetic valve, leading to post-TAVR complications such as unequal
neo-sinus volumes, asymmetrical leaflet expansion, and commissural
misalignment.50 Our results showed that asymmetrical calcium volume
magnitude and its impact on implantation characteristics is directly
linked to the blood stasis volume (local hemodynamic) and LV load
(global hemodynamics) in both pre- and post-TAVR states (Figure 7).
This could partially explain why TAVRmight not be successful in terms of
ventricle unloading in some patients with highly asymmetrical calcium
volume or might be associated with thrombosis as a result of nonoptimal
expansion.51

Coronary Flow Might Not Improve for Some Patients After TAVR

Excessive extravascular compressive forces resulting from AS reduce
the amount of blood flow that reaches the LV through coronary perfusion
pressure.52 After TAVR, a surge in pressure and flow downstream of the
aortic valve is expected due to AS removal.52 Our results demonstrate
that pressure and coronary flow do gain some improvement during sys-
tole. However, for many patients, diastolic flow of coronaries might not
improve or may even drop. This reduction in coronary blood flow re-
duces the capacity to raise myocardial oxygenation, which can then lead
to abnormal LV function, increased apoptosis (which can be connected to
myocardial fibrosis and is an independent marker of mortality), and
sudden death.52,53

No Improvement in Left Ventricular Hemodynamics of Some Patients After
TAVR

Measuring LV workload is an effective way to evaluate its perfor-
mance, which is closely related to the severity of calcification in the
aortic valve leaflets.20 Increased workload can lead to cardiac remodeling
that demands more oxygen from the myocardium, making it more sus-
ceptible to ischemia.54 As the AS severity increases, the LV workload
increases to make up for the decreased ejected flow, but after TAVR, a
decrease in the workload is normally expected.20 Despite this, our find-
ings revealed that the decrease in the aortic valve pressure gradient
post-TAVR was not necessarily associated with a decrease in workload
for a majority of patients.

Another interesting finding of our study was that the RCC calcium
volume was correlated with LV workload for both pre- and post-TAVR
states. While we have previously shown the usefulness of LV load
metric for TAVR patients,20 this study demonstrated the significance of
the interplay between LV load and asymmetric calcification severity. It is
noteworthy that our results correspond to past studies which concluded
that RCC calcium volume is an independent factor in determining LV
dysfunction and the necessity of a pacemaker implant in patients who
have undergone TAVR.55

Conclusions

An optimal TAVR procedure strategy is subject-specific and is influ-
enced by various factors that can impact sinus and neo-sinus hemody-
namics, such as changes to the global circulatory system, the anatomy of
the aortic root and aortic valve, coronary hemodynamics, and the pres-
ence of asymmetric valve calcification or incomplete prosthetic valve
expansion. Nonuniform calcium distribution across the leaflets can pre-
vent optimal TAVR expansion and lead to impaired flow washout toward
12
the coronary arteries, promoting subclinical leaflet thrombosis. This
study suggests that particular attention should be paid to patients with
significant asymmetry in calcification distribution or eccentric prosthetic
valves postintervention, as they may be at increased risk of leaflet
thrombosis and long-term coronary artery disease. In particular, valve
thrombosis is associated with several potential risks, including throm-
boembolism, stroke, transient ischemic attack, and the risk of subsequent
structural valve degeneration. The use of personalized computational
simulations to simulate potential treatment options may assist interven-
tional cardiologists in determining the best course of action and help to
improve clinical outcomes for TAVR patients, as well as identify those at
higher risk of future thrombosis or coronary artery disease.

Limitations

This study was performed and validated on 26 patients who under-
went TAVR in both pre- and post-TAVR states (52 cases). Future studies
must be conducted on a larger population of AS patients in both pre- and
post-TAVR states to validate the clinical findings of this study. Another
limitation of this study was that all patients were given the Edwards
SAPIEN 3 balloon-expandable valve, meaning that the investigation of
design factors was only done on that particular valve type. In the future,
research will be conducted to include a wider range of self-expandable
and balloon-expandable valves for the purpose of examining the effect
of design factors on hemodynamic outcomes. Lastly, it is important to
recognize the limitations of a retrospective study design and cautiously
interpret the results. Nevertheless, since prospective studies require
multiple post-TAVR CT scans, which can be quite risky, a retrospective
study was seen as the best choice. Further research in this field, including
properly planned prospective studies, would be beneficial for confirming
and expanding upon the results of the present study.
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