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Editorial on the Research Topic
Advances in heart valve imaging

Heart valve diseases (HVD) pose significant challenges for imaging specialists, especially
when combined with other cardiac pathologies. The advent of transcatheter
interventions necessitates a multidisciplinary “heart team,” including a skilled multi-
modality imaging department. This team assesses patient suitability for various
treatments, guides operations, and evaluates final results. It is now recognized that
beyond the anatomical characteristics of the valves, parameters such as ventricular and
atrial dimensions and performance, pulmonary pressures, and other comorbidities must
be evaluated during pre-operative screening for valvulopathies.

Recent advances in three-dimensional echocardiography, 2D speckle-tracking, and
cardiac CT and MRI have enhanced our understanding of the pathophysiology of a
severe valvulopathy. Additionally, artificial intelligence (AI) and machine learning are
becoming significant in screening and managing patients with HVD. This special issue
explores the advances in imaging for HVD and the potential role of AI in the near
future (Table 1).

Transcatheter Aortic Valve Implantation (TAVI) is the most common transcatheter
intervention with expanding indications, garnering attention from the cardiology
community. Xiao et al. studied a small cohort of patients with type-0 bicuspid aortic
valve and identified predictors of success after TAVI. They found that the ellipticity
index of the aortic root and bulky calcifications of aortic commissures differed between
success and failure subgroups. Bulky calcifications were determined by visual
assessment using multidetector CT transverse planes and maximum intensity
projections. Multivariate analysis revealed though that only bulky calcifications had
negative correlation with device success post-TAVI. This study highlights the
importance of calcification degree and distribution in managing patients with bicuspid
aortic valve, suggesting that a larger patient series could further improve TAVI
outcomes for this group.
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TABLE 1 Summary of all articles with authors and main findings included in this special issue.

’ Authors
Aortic Stenosis — TAVI

Xiao et al.

Parasca et al.

De la Torre Hernandez
et al.

Pestiaux et al.

Title

Determinants of device success after transcatheter aortic valve
replacement in patients with type-0 bicuspid aortic stenosis

Right ventricle to pulmonary artery coupling after transcatheter aortic
valve implantation-Determinant factors and prognostic impact

First description and validation of a new method for estimating aortic
stenosis burden and predicting the functional response to TAVI

3D histopathology of stenotic aortic valve cusps using ex vivo

Summary

Bulky calcifications of AOV commissures play a negative role in the
device success after TAVI in type-0 BAV

RV-PA coupling is improving after TAVI except for patients with
persistent pulmonary hypertension. Baseline measurements of RV-PA
coupling can provide information about patients’ outcomes

LVOT flow velocity and aortic pressure loops can predict the functional
improvement after TAVI through the parameter “[P (Vmax) — P (Vo)]/
Vmax and lead to better quality-of life post-procedure

High-resolution microfocus-CT can define the AOV calcification

microfocus computed tomography

Namasivayam et al.
dysfunction in moderate aortic stenosis

Mitral valve pathology

Apostolou et al.

severe mitral annulus disjunction-a case series and review of the

literature

Papadopoulos et al.
in mitral annular disjunction: a case report

Zheng et al. Understanding post-surgical decline in left ventricular function in
primary regurgitation using regression and machine learning models
Mihos Left ventricular remodeling, mechanics, and the COAPT trial

HVD and coronary artery disease
Molenaar et al.
syndrome

Multimodality imaging and complex cardiac surgery
Huenges et al.
of surgical reduction

Right (RV)
hypertension are crucial in determining TAVI outcomes. Parasca

ventricular dysfunction and pulmonary
et al. showed that RV-pulmonary artery (PA) coupling improves
after TAVI, except in patients with persistent pulmonary
hypertension. They emphasized the importance of evaluating
RV-PA coupling during TAVT screening. A baseline RV-free wall
longitudinal strain (FWLS)/pulmonary artery systolic pressure
(PASP) cutoff of 0.63 was able to differentiate between normal
and impaired RV-PA coupling, providing valuable prognostic
information and guiding treatment decisions to improve patient
outcomes.

Predicting the response after TAVI is vital since 20% of patients
continue to experience poor quality of life post-procedure. De la
Torre Hernandez et al. validated a new method to assess aortic
stenosis (AS) burden and functional outcome after TAVI. This
method integrates left ventricular outflow tract flow velocity and
aortic pressure, focusing on parameters like “[P (Vmax) — P (Vo)]/
Vmax,” an independent predictor of functional improvement post-
TAVL This approach offers a more comprehensive hemodynamic
assessment, potentially leading to better patient outcomes and
quality of life post-procedure.
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Machine learning prediction of progressive subclinical myocardial

Case report: Aborted sudden cardiac death as a first presentation of

The added value of three-dimensional transthoracic echocardiography

The impact of valvular heart disease in patients with chronic coronary

Case report: The woman with the big heart-an imaging-guided attempt

burden and cusps thickness. Aortic valves have thinner cusps with less
calcium in low-gradient stenosis rather in high-gradient.

Al identified peak AOV gradient, dimensionless index, baseline GLS
and energy loss as predictors of subclinical myocardial dysfunction
progression in moderate AS.

Cardiac MRI is important in detecting fibrosis as a cause of malignant
arrhythmias and SCD in MAD syndrome

Three-dimensional echocardiography can provide most
echocardiographic features of MAD syndrome and detect the presence
of fibrosis through 4D strain analysis.

Al can detect the decline of EF after MV repair in patient with primary
MR. EF, Sphericity index, LV end-systolic diameter and circumferential
strain rate detected a post-operative EF <50% in the random forest
model.

COAPT criteria should be followed in patients with SMR and HFrEF
but baseline GLS can further predict the LV remodeling after TEER and
should be evaluated

A thorough echocardiographic examination should be conducted in all
patients with CAD since HVD and especially moderate TR indicate
myocardial damage and a poorer prognosis in these patients

Multimodality imaging guided a complete pre-operative planning of a
case that demanded atrial reduction along with MV replacement and
CABG with a successful result

Understanding aortic stenosis mechanisms is crucial for
treatment and patient outcomes. Pestiaux et al. analyzed the
microstructure of calcified aortic valve cusps using high-
resolution microfocus CT, demonstrating the calcification burden
and cusp thickness. They found that aortic valves have thinner
cusps with significantly less calcium in low-gradient vs. high-
gradient patients. While not routine, this examination can
enhance in vivo imaging protocols and clinical data interpretation.

Al plays a significant role in diagnosing structural heart
diseases. Namasivayam et al. applied artificial neural networks to
echocardiographic data from patients with moderate AS,
identifying predictors of subclinical myocardial dysfunction
progression. Key factors include peak gradient, dimensionless
index (DI), baseline left ventricular global longitudinal strain
(GLS), and energy loss. These parameters should be closely
monitored in patients with moderate AS.

Mitral valve pathology, including new entities like mitral
annular disjunction (MAD), is also under extensive research.
Apostolou et al. described cases of aborted sudden cardiac death
in patients with mitral valve prolapse and MAD, investigated
using cardiac MRI, which revealed fibrosis associated with
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malignant arrhythmias. This highlights the significance of
multimodality imaging and interdisciplinary collaboration for
managing such patients. Papadopoulos et al. suggested that
three-dimensional transthoracic echocardiography and 4D strain
analysis might suffice to demonstrate MAD features and fibrosis
presence, but this needs validation through larger studies.

AT has been tested in mitral valve diseases as well. Zheng et al.
used regression and machine learning models to predict
postoperative ejection fraction (EF) decline in primary mitral
(PMR) patients. The random forest model
accurately detected patients with postoperative EF <50%,
including predictors like LVEF, LV sphericity index, LV end-
systolic diameter (LVESD), and LV mid-systolic circumferential

regurgitation

strain rate. Although further research is needed, this study
suggests a more accurate preoperative assessment for these patients.

LV mechanics are crucial for outcomes after transcatheter edge-
to-edge repair (TEER) in secondary mitral regurgitation (SMR)
patients. Mihos emphasized the importance of GLS in predicting
left ventricular remodeling, crucial for patient prognosis. Following
the echocardiographic criteria from the COAPT trial, which
demonstrated TEER benefits in heart failure with reduced ejection
(HFrEF) and SMR, is
deformation metrics might provide additional data on TEER

fraction recommended. However,
responders. Heart teams managing these patients should also

consider guideline-directed medical therapy and cardiac
resynchronization therapy (CRT) when indicated.

In a study of about 2,000 patients, Molenaar et al. found that
HVD affect prognosis in coronary artery disease (CAD) patients.
LV dysfunction and moderate or severe HVD were the main
indicators of higher mortality. Moderate tricuspid regurgitation
(TR) was the strongest mortality predictor in multivariable
regression analysis. HVD often indicates a higher atherosclerotic
burden and more significant CAD, leading to more common
myocardial damage and poorer

prognosis. A thorough

echocardiographic examination should be conducted when
screening CAD patients.
Cardiac surgery has also progressed, allowing for the efficient

management of complex cases. Huenges et al. described treating

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2024.1450661

a patient with a gigantic left atrium requiring mitral valve
replacement and coronary artery bypass grafting (CABG).
Thorough multi-modality imaging with echocardiography and
cardiac CT facilitated a successful operation, including atrial
reduction techniques and MV replacement.

In summary, advances in imaging and Al are transforming the
management of HVD and improve patients’ outcomes through
more assessments and  innovative

accurate  preoperative

treatment approaches.
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1. Introduction

Symptomatic mitral valve (MV) regurgitation is a common cause of morbidity amongst
cardiovascular disease patients, with a 1.3-fold increase in prevalence per decade of life
past 60 years of age (1). More specifically, secondary mitral regurgitation (SMR) remains a
troubling sequela of ischemic heart disease, dilated cardiomyopathy, and atrial myopathy. The
mechanisms of SMR are complex, interrelated, and centered on left ventricular (LV) dilatation
and abnormal geometry, papillary muscle displacement, MV leaflet tethering, and altered
annular shape and mechanics (2, 3). Surgical mitral valve repair (MV repair) has resulted in
disappointing long-term outcomes in the SMR population, while replacement predisposes to
continued adverse LV remodeling, peri-operative morbidity, and prosthetic valve complications
(4, 5).

Conversely, the Cardiovascular Outcomes Assessment of the MitraClip Percutaneous
Therapy for Heart Failure Patients with Functional Mitral Regurgitation (COAPT) trial showed
that in carefully selected patients with moderate-to-severe SMR, MV  transcatheter edge-to-
edge repair (TEER) improves heart failure symptoms and survival, and decreases heart failure
hospitalizations at 2-year follow-up when compared with medical therapy alone (6). In a recent
post-hoc analysis the COAPT investigators analyzed risk of death or heart failure hospitalization
according to baseline LV global longitudinal strain (GLS), which is a robust, reproducible, and
sensitive marker of myocardial function. Between 10 and 24 months of follow-up, patients with
a GLS <—13.2% had a lower risk of death or heart failure hospitalization when compared
with those having a GLS >—10.8%, although all patients receiving TEER garnered clinical
benefit when compared with medical therapy alone (7). Herein we discuss the importance of LV
remodeling and mechanics assessed by 2D and speckle-tracking echocardiography in patients
with cardiomyopathy, and its application in the SMR and TEER population.

2. Left ventricular deformation, shape, and
mechanics

The ventricular myocardium is composed of a surrounding basal loop with circumferential
fibers in a transverse orientation, and an inner apical loop helix with oblique fibers oriented
at approximately 60° angles (8). The interaction between the basal and apical loops results in
systolic ejection, diastolic relaxation, and ventricular torsion. Essential to proper mechanics is
the elliptical shape of the LV, which supports the oblique orientation of the apical loop limbs. In
this state, a normal 15% myofiber shortening results in a LV ejection fraction of 60% through
efficient myocardial contraction, shortening, and dispersed shearing forces. Conversely, in the
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FIGURE 1

Ilustrative representations of left ventricular remodeling and alteration in chamber shape and myofiber orientation. (A) Depicted is a left ventricle with a
normal elliptical shape forming an apical cap (dashed arrows) with preserved papillary muscle orientation. (B) The basal ventricular loop is depicted open
with circumferential fibers in a transverse orientation (black arrow) which surround an inner apical loop helix. The descending limb of the apical loop (red
arrow) converges into a vortex at the apical cap which then crosses superficially to form the ascending limb (blue arrow). The myofibers of the apical
loop limbs are oriented obliquely at approximately 60° angles, and their normal shortening of 15% produces an ejection fraction of 60%. (C) Depicted is a
remodeled left ventricle with a spherical shape and lack of a true apex (dashed arrows). The chamber is markedly dilated and there is papillary muscle
displacement. (D) In the setting of left ventricular dilatation and sphericity, the apical loop myofibers are stretched and adapt a transverse orientation
similar to the basal loop. Transverse, or circumferential, fiber shortening generates an LV ejection fraction closer to 30%. Figures are adapted with
permission from Buckberg et al. (19). Ao, aorta; LV, left ventricle; PA, pulmonary artery.

setting of LV dilatation and sphericity, the myofibers are stretched
and adapt a transverse orientation similar to the basal loop;
transverse, or circumferential, fiber shortening generates an LV
ejection fraction closer to 30% (9). This latter LV remodeling provides
the substrate for papillary muscle displacement, incomplete MV
systolic closure, and SMR (Figure 1).

The electromechanical activation of the apical loop results
in longitudinal ventricular shortening, which can be assessed
by measuring GLS wusing speckle-tracking echocardiography.
Importantly, full wall GLS takes into account the pivotal transmural
mechanical interaction between the subendocardial, mid-wall, and
subepicardial myofibers (10). GLS is useful in detecting subclinical
myocardial dysfunction in the setting of preserved LVEE while
in dilated and ischemic cardiomyopathy it can provide insight
into the degree of myocardial impairment (11). In a large study
by Namazi et al. (12) of 650 patients with moderate or greater
SMR, a GLS >—7% was independently associated with increased
all-cause mortality (HR 1.34, 95% CI 1.04-1.72, p = 0.02) at a
median follow-up of 56 months. When compared with patients who
had a GLS <—7%, those with GLS >—7% had more extensive LV
remodeling with larger end-diastolic (124 vs. 92 ml/m?, p < 0.001)
and end-systolic volume (96 vs. 63 ml/m?, p < 0.001) indices, and
higher filling pressures (12).
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3. The COAPT study and LV
remodeling

The impact of LV remodeling on the performance of TEER
is critical in interpreting the results of the COAPT study, and in
translating its success to clinical practice. The inclusion criteria
for enrollment in COAPT were: (1) symptomatic heart failure and
moderate to severe SMR despite optimal guideline-directed medical
therapy; (2) LVEF 20-50%; (3) LV end-systolic diameter <70 mm;
(4) pulmonary artery systolic pressure <70 mmHg; and, (5) no
evidence of significant right ventricular dysfunction. The 614 patients
enrolled in COAPT had a mean LV end-diastolic volume index,
LVEE and GLS of 101 ml/m?, 31%, and —11.9%, respectively.
These characteristics are in sharp contrast to the Multicentre Study
of Percutaneous Mitral Valve Repair MitraClip Device in Patients
with Severe Secondary Mitral Regurgitation (MITRA-FR) trial,
which showed no benefit of TEER in 307 patients randomized to
percutaneous MR correction vs. medical therapy (13). The main
inclusion criteria for MITRA-FR were: (1) symptomatic heart failure
and severe SMR with guideline-directed medical therapy per “real-
world” practice; and, (2) LVEF 15-40%. The mean LV end-diastolic
volume index and LVEF in MITRA-FR were 135 ml/m? and 33%,
with no data on GLS reported.
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It is hypothesized that the discrepancy between COAPT and
MITRA-FR regarding the benefits of TEER in patients with SMR
was influenced by the extent of LV remodeling and alteration of
mechanics. An important caveat to consider when interpreting
the study results and emphasizing LV remodeling is that different
echocardiography core labs were utilized by the respective trialists,
which could potentially introduce uncontrollable confounding.
Nevertheless, the patients in COAPT were reported to have a
significantly smaller LV size and had to meet a specific cut-off
for inclusion based on the maximum systolic chamber dimension,
despite a similar LVEF when compared with MITRA-FR patients.
It is well established in the surgical literature that the extent of pre-
operative LV remodeling is one of the most powerful predictors of a
durable MV repair and that there is a threshold beyond which the LV
damage and fibrosis is irreversible (14). Important echocardiographic
LV parameters that predict MV repair failure include an LV end-
diastolic diameter >65 mm or a systolic sphericity index >0.7 (15,
16). GLS has been shown to perform well as surrogate marker for LV
replacement fibrosis detected by cardiac magnetic resonance imaging
in patients with dilated cardiomyopathy, with a value of >—7.9%
having an area under the curve of 0.74 (p < 0.05) (17). In patients
undergoing TEER, a baseline GLS > —9.3% predicts lack of LV reverse
remodeling and persistent LV dilatation and sphericity at 2-year
follow-up (AUC 0.84, p < 0.001) (18). A fair interpretation of this
data within the context of the GLS observations from COAPT and
the study by Namazi et al. (12), is that similar to patients undergoing
surgical MV repair, TEER in the setting of advanced LV remodeling
and fibrosis provides minimal clinical benefit at the expense of
procedural risk and healthcare-related costs.

4. Conclusion

While the aforementioned hypothesis regarding LV remodeling
and GLS in patients with SMR undergoing TEER requires
prospective and external validation, it provides important insights
into appropriate patient selection and factors contributing to the
success and application of this relatively new therapy. Pure SMR
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Introduction: Right ventricular (RV) dysfunction and pulmonary hypertension
(PH) have been previously associated with unfavorable outcomes in patients
with severe aortic stenosis (AS) undergoing transcatheter aortic valve
implantation (TAVI), but little is known about the effect of right ventricle (RV)
to pulmonary artery (PA) coupling. Our study aimed to evaluate the
determinant factors and the prognostic value of RV-PA coupling in patients
undergoing TAVI.

Methods: One hundred sixty consecutive patients with severe AS were
prospectively enrolled, between September 2018 and May 2020. They
underwent a comprehensive echocardiogram before and 30 days after TAVI,
including speckle tracking echocardiography (STE) for myocardial
deformation analysis of the left ventricle (LV), left atrium (LA), and RV
function. Complete data on myocardial deformation was available in 132
patients (76.6 + 7.5 years, 52.5% men) who formed the final study population.
The ratio of RV free wall longitudinal strain (RV-FWLS) to PA systolic pressure
(PASP) was used as an estimate of RV-PA coupling. Patients were analyzed
according to baseline RV-FWLS/PASP cut-off point, determined through
time-dependent ROC curve analysis, as follows: normal RV-PA coupling
group (RV-FWLS/PASP >0.63, n=65) and impaired RV-PA coupling group
(RV-FWLS/PASP < 0.63, n = 67).

Results: A significant improvement of RV-PA coupling was observed early after
TAVI (0.75+0.3 vs. 0.64 + 0.3 before TAVI, p<0.001), mainly due to PASP
decrease (p <0.001). LA global longitudinal strain (LA-GLS) is an independent
predictor of RV-PA coupling impairment before and after TAVI (OR =0.837,
p<0.001, OR=0.848, p<0.001, respectively), while RV diameter is an
independent predictor of persistent RV-PA coupling impairment after TAVI
(OR=1.174, p=0.002). Impaired RV-PA coupling was associated with a worse
survival rate (66.3% vs. 94.9%, p-value<0.001) and emerged as an
independent predictor of mortality (HR=5.97, Cl=144-24.8, p=0.014)
and of the composite endpoint of death and rehospitalization (HR =4.14,
Cl=137-12.5, p = 0.012).
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Conclusion: Our results confirm that relief of aortic valve obstruction has beneficial
effects on the baseline RV-PA coupling, and they occur early after TAVI. Despite
significant improvement in LV, LA, and RV function after TAVI, RV-PA coupling remains
impaired in some patients, it is mainly related to persistent pulmonary hypertension
and is associated with adverse outcomes.

KEYWORDS

aortic stenosis, TAVI, coupling, right ventricle, pulmonary hypertension

Introduction

The treatment of severe aortic stenosis (AS) is guided by
(1-3).
valve implantation (TAVI) has become the preferred treatment of

evidence-based recommendations Transcatheter aortic
severe symptomatic AS in patients who are at high risk for
surgery, with continuous expansion towards use in intermediate
and low-risk patients (4-7). Although providing excellent
short-term results, post-TAVI-associated 1-5 year mortality
varies widely between 8.3% and 67.8% according to patients’ risk
(5-7). This
patient-related factors that have an impact on long-term survival

profiles calls for a detailed examination of
(8). Among these, right ventricular (RV) dysfunction and
pulmonary hypertension have been shown to have a negative
prognostic impact after TAVI (9-11). Only a few studies have
analyzed the synergic impact of these factors on mortality, by
evaluating the RV to pulmonary artery (RV-PA) coupling, which
integrates the RV systolic performance at a given degree of
afterload through a non-invasive parameter, but using different
parameters or in chronic heart failure patients (12, 13). Our
study aims to assess the determinant factors and the prognostic
value of RV-PA coupling, by using the ratio between right
ventricle free wall longitudinal strain (RV-FWLS) and pulmonary

artery systolic pressure (PASP), in patients undergoing TAVI.

Methods
Study population and procedure

Patients with severe symptomatic AS scheduled to undergo
transfemoral TAVI in our center were prospectively enrolled
between September 2018 and May 2020. Selection criteria
included: age >40, severe AS [aortic valve area (AVA)<1.0 cm?,
indexed AVA <0.6 cm?*/m?, peak aortic jet velocity >4 m/s, or
>40 mmHg]. included:
hypertrophic cardiomyopathy, prosthetic aortic valve,

mean gradient Exclusion criteria
non-
transfemoral TAVI, and poor acoustic window. All patients
underwent Heart Team evaluation and were deemed eligible for
TAVI based on All
procedures were performed in a hybrid operating room with
of  both

cardiovascular surgeon.

current guideline recommendations.

participation interventional  cardiologist  and

All patients underwent percutaneous transfemoral TAVI with
balloon-expandable valve. The procedure was performed under
anesthesia and

general invasive hemodynamic monitoring.

Frontiers in Cardiovascular Medicine

13

the
procedure for additional guidance and assessment. Clinical,

Transesophageal echocardiography was wused during
biological, and procedural data were collected. Coronary artery
disease (CAD) was defined as the presence of coronary artery
lesions, previously treated (PCI or CABG) or not requiring
treatment at the time of procedure. The primary outcome was a
composite endpoint of major adverse cardiac events (MACE)
consisting of cardiac-related rehospitalization (obtained through a
search in our institutional database and a telephone
questionnaire), and all-cause mortality (obtained through a query
of the National Register of population records), both performed
3 years after TAVI. No event was registered in the interval
between intervention and follow-up echocardiography. The study

was reviewed and approved by the institutional Ethics Committee.

Definitions and data collection—
echocardiographic evaluation

All patients underwent a comprehensive echocardiogram
performed by experienced echocardiographers both before and 30
days after TAVI using a Vivid E95 ultrasound system (General
Electric Healthcare, Horten, Norway). Data were digitally stored
for offline analysis using commercially available software (EchoPac
version 203; GE Medical Systems, Horten, Norway) and images
were analyzed by a single trained cardiologist according to current
guidelines (14). Evaluation included standard parameters used to
assess AS severity: peak aortic jet velocity, peak and mean pressure
gradients across the aortic valve (using modified Bernoulli
equation), and AVA (using continuity equation). In the parasternal
long-axis view, LV dimensions were assessed, and LV mass was
calculated using Devereux’s formula and indexed to body surface
area (14). LV end-diastolic and end-systolic volumes were
measured in the apical 4-chamber and 2-chamber views and
indexed to body surface area (14). LV ejection fraction (EF) was
calculated according to the Simpson’s biplane method (14). Left
atrial volumes were measured by the biplane method of disks and
indexed for body surface area (14). Transmitral flow was assessed
by PW Doppler to measure the peak early (E) and late (A)
diastolic velocities, and tissue Doppler imaging of the mitral
annulus on the apical 4- chamber view was used to measure the €’
velocities at both the lateral and septal sites to calculate the E/e’ ratio.

Myocardial deformation analysis using speckle tracking
echocardiography (STE) was performed to assess LV and LA
function. Evaluation included STE analysis for LV function: LV
global longitudinal strain (GLS); LA function: LA global
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longitudinal strain (LAe, reservoir function), LA systolic strain rate
(SSr, reservoir function), LA early diastolic strain rate (ESr, conduit
function), late diastolic LA strain rate (ASr, contractile function).
Complete myocardial deformation analysis was possible in 132
out of 160 patients. Negative values of strain parameters are used
as moduli (positive numbers) for ease of analysis. RV function
was assessed by measuring TAPSE, the peak systolic myocardial
velocity at the lateral site of the tricuspid annulus (S'RV), RV
fractional area change (FAC) and RV longitudinal strain
parameters by STE: peak values of global RV strain (RV-GLS),
RV free (RV-FWLS) the
interventricular septum longitudinal strain (RV-IVS). The right

wall longitudinal strain and
ventricular systolic pressure was calculated from the peak velocity
of the tricuspid regurgitant jet using the Bernoulli equation and
the right atrial pressure (determined by the diameter and
inspiratory collapse of the inferior vena cava) was added (14).
Mean pulmonary arterial pressure was derived from pulmonary
arterial systolic pressure (PASP) (15). The ratio of RV-FWLS to
PASP was used as an estimate of RV-PA coupling. Patients were
divided according to baseline RV-FWLS/PASP ratio as follows:
RV-FWLS/PASP > 0.63 as normal RV-PA coupling group
(n=65) and RV-FWLS/PASP < 0.63 as impaired RV-PA coupling

group (n=67) and were analyzed accordingly.

Statistical analysis

Continuous variables are given as mean * standard deviation
and compared using the Student t-test. Discrete variables were
expressed as counts and percentages, and comparisons between
groups were done with the y> or Fisher's exact test, when
appropriate. For comparisons between subgroups, Kruskal-Wallis
test, Wilcoxon rank sum tests using pairwise comparisons and
Chi-square test for comparing proportions (of categorical
variables) between >2 groups have been used. Bonferroni method
was used to adjust p-values for multiple comparisons.

Long-term clinical outcomes were estimated using the
Kaplan-Meier method, with comparisons made using the log-
rank test (overall or pair wise as appropriate).

Univariable analysis (linear and binary logistic) was used to
identify potential predictors of RV-PA coupling from baseline
characteristics. After careful selection of variables based on
clinical judgment, univariable assessment (p <0.05), exclusion of
variables showing collinearity (Pearson’s coefficient >0.6), and
multiple testing to ensure stability, a multivariable model has
been fitted (by stepwise multivariable regression analysis, linear
and binary logistic).

Univariable predictors of all-cause mortality were determined
using Cox proportional hazards (Enter). Multivariable analysis
was also performed in a similar fashion (Forward Wald). A two-
sided p-value of 0.05 was considered statistically significant for all
tests. Time-dependent receiver operating characteristic (ROC)
analysis was used to determine the associations between
surrogate parameters of RV-PA
coupling and 3-year mortality (Figure 1). The baseline
RV-FWLS/PASP cut-off point of 0.63 to discriminate between

individual and combined
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normal and impaired RV-PA coupling was determined through
time-dependent ROC curve analysis based on the highest sum of
sensitivity and specificity (death—AUC 0.650, CI 0.60-0.70,
p=0.001; sensitivity 86%, specificity 57%;) and is within the
same range of previous studies associated with survival in AS or
heart failure patients (12, 16, 17). Time-dependent ROC curve
analysis was performed using SAS, version 9.3, software (Cary,
NC). The rest of the analyses were conducted using SPSS 21.0
(SPSS, Inc., Chicago, IL, USA).

Results
Baseline characteristics

Patients with impaired baseline RV-PA coupling were younger,
had more often atrial fibrillation, prior myocardial infarction,
angina, and higher NYHA functional class compared to patients
with normal RV-PA coupling (Table 1). There were no
differences between groups regarding comorbidities. Even though
there were no significant differences between groups regarding
peak aortic jet velocity and mean transvalvular gradient
(Table 2), there was a higher incidence of bicuspid valve and
smaller AVAi in the group with impaired RV-PA coupling as
compared to patients with normal RV-PA coupling (p=0.031,
and p =0.008, respectively). Impaired LVEF was more frequent,
and the impairment was more severe in patients with impaired
RV-PA coupling (p <0.001). Additionally, patients with impaired
RV-PA coupling had more advanced cardiac damage as
suggested by larger LA dimension and lower LA-GLS, larger RA
and RV dimensions, and lower parameters of RV function
compared to normal RV-PA coupling group (p <0.001).

Echocardiographic changes after TAVI

All echocardiographic parameters describing AS severity
the (Table 3).
Compared with baseline, there was a significant improvement
of LVEF after TAVI (p=0.008) and decrease of LV mass
index (p<0.001). Additionally, mitral valve regurgitation
decreased after TAVI (p =0.003) and there was also a decrease
of LA volume (p =0.007), and an improvement of LA function
(p<0.001). We found a significant improvement in RV-PA

improved significantly after procedure

coupling after TAVI (p =0.007), mainly driven by a decrease
in PASP (p < 0.001).

Significant improvement of echocardiographic parameters
describing AS TAVI
regardless of group (Table 4). LV remodeling and LV function

severity after were further noted
improvement were significant after the procedure regardless of
baseline RV-PA coupling status. LA function and volume
significantly improved after TAVI in both groups. RA
diameter significantly decreased after TAVI in the impaired
RV-PA coupling group (p=0.046). RV function improved
after TAVI in the impaired RV-PA coupling group as
measured by RV-GLS (p=0.001), RV-FWLS (p=0.003),
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TABLE 1 Clinical characteristics.

Demographic and
clinical characteristics

All patients
(GEREY))

Normal baseline RV-PA coupling

RVFWLS/PASP >0.63 (n =65)

Impaired baseline RV-PA coupling

p-value

RVFWLS/PASP <0.63 (n=67)

Age (years) 76.6 £7.5 78.0+5.7 75.1+8.6 0.024
Gender (female) 76 (47.5%) 30 (46.2%) 37 (55.2%) 0.297
BMI (kg/mz) 272+45 268+44 275146 0.375
Symptoms

Angina 78 (59.1%) 44 (67.7%) 34 (50.7%) 0.048
NYHA functional class 2.7+0.6 2.6+0.6 2.7+0.6 0.191
Class 2 39 (29.5%) 26 (40.0%) 13 (19.4%) 0.035
Class 3 86 (65.2%) 36 (55.4%) 50 (74.6%)

Class 4 7 (5.3%) 3 (4.6%) 4 (6.0%)

Comorbidities

Atrial fibrillation 41 (31.1%) 11 (16.9%) 30 (44.8%) 0.001
CAD 74 (56.1%) 40 (61.5%) 34 (50.7%) 0.212
Prior PCI 35 (26.5%) 15 (23.1%) 20 (29.9%) 0.378
Obesity 45 (34.1%) 20 (30.8%) 25 (37.3%) 0.428
Type 2 DM 38 (29.0%) 21 (32.3%) 17 (25.8%) 0.402
COPD 13 (9.8%) 5 (7.7%) 9 (13.4%) 0.284
Anemia 57 (43.2%) 23 (35.4%) 34 (50.7%) 0.075
CKD (>3) 31 (23.5%) 16 (24.6%) 15 (22.4%) 0.763
Frailty 54 (40.9%) 28 (43.1%) 26 (38.8%) 0.618

BMI, body mass index; DM, diabetes mellitus; CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; NYHA, New York

Hear Association Class; PCI, percutaneous coronary intervention.

Values are mean + SD, n (%), or median (interquartile range).
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TABLE 2 Echocardiographic characteristics.

Echocardiographic characteristics | All patients | Normal baseline RV-PA coupling | Impaired baseline RV-PA coupling | p-value

(ENEY))

RVFWLS/PASP >0.63 (n =65) RVFWLS/PASP <0.63 (n = 67)

Aortic stenosis severity

Vmax, m/s 4.67 £0.8 4.8+038 4608 0.106

Mean gradient, mmHg 57.6+19.3 59.7 +19.4 55.6+19.3 0.233

AVAi, cm’/m* 0.4+02 044+0.2 0.37£0.1 0.008

Bicuspid valve 19 (14.4%) 5 (7.7%) 14 (20.9%) 0.031

Aortic regurgitation 12+0.7 1.3+£0.7 12+0.7 0.742

Left ventricle

LVEF, % 51.8+12.2 550+79 48.6 +14.9 0.001

LV-GLS, % —12.4+43 —142+39 —-105+3.7 <0.001
LVMi, g/m2 180.3 £50.9 174+ 47 187 +£53 0.154

E/A 1.2+038 0.84+0.4 1.8+09 <0.001
Mitral regurgitation 1.3+0.6 1.28+0.6 1.27£0.6 0.934

Left atrium

LAAi, cm*/m? 152+33 142+24 163 £3.6 <0.001
LAVi, ml/m? 552+19.0 493+ 134 61.3+21.6 <0.001
LA-GLS, % (LAg) 124+69 16.1+59 8.6+5.6 <0.001
Right ventricle

TAPSE, cm 20+04 22+04 1.9+04 <0.001
S'RV, cm/s 104+2.8 11.5+25 94+26 <0.001
FAC, % 0.59+0.3 42.6+6.5 389+9.1 0.009
PASP, mmHg 405+ 15 309+84 49.2+15.1 <0.001
PAPm, mmHg 26.3+9.2 209+52 32.0+9.2 <0.001
RA, mm 0.41+0.1 33.8+6.7 414+85 <0.001
RV, mm 37.7+84 320+47 36.6 6.4 <0.001
Tricuspid regurgitation 0.98 £0.87 0.85+0.83 1.2+0.90 0.014
RV-GLS, % 343+6.1 —212+43 —13.6+49 <0.001
RV-FWLS, % -17.4+6.0 —27.0+£49 -16.9+6.1 <0.001
RV-1IVS, % -220+75 -1341t6.1 —-8.6+5.7 <0.001

Values are mean + SD, n (%), or median (interquartile range).

Vmax, maximum aortic velocity; AVA, aortic valve area; AVAI, aortic valve area index; LVEF, left ventricle ejection fraction; LV-GLS, left ventricle global longitudinal strain; LA,
left atrium; LAAI, LA area index; LAVi, LA volume index; LVMi, LV mass index; LA-GLS, LA global longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; S'RV,
peak systolic myocardial velocity at the lateral site of the tricuspid annulus; PASP, systolic pulmonary artery pressure; PAPm, mean pulmonary artery pressure; FAC, right
ventricle fractional area change; RA, right atrium; RV, right ventricle; RV-GLS, RV global longitudinal strain; RV-FWLS, RV free wall longitudinal strain; RV-IVS, RV
interventricular septum strain.

RV-IVS (p=0.003), S'RV (p=0.026), but not by TAPSE Kaplan Meier analysis revealed that impaired baseline RV-PA

(p=0.187) and FAC (p =0.060). coupling was associated with worse outcomes: lower freedom
from MACE (54.8% vs. 85.6% in normal RV-PA coupling,
p-value=0.001) and lower survival rate (66.3% vs. 94.9% in

Predictors of impaired RV-PA coupling normal RV-PA coupling, p-value <0.001) (Figure 2). Impaired
baseline RV-PA coupling as quantified by RV-FWLS/PSAP

RV-PA coupling correlates at univariable and multivariable =~ emerged as an independent predictor of both mortality

logistic regression analysis are presented in Table 5. Before ~(HR=597, CI=144-248, p-value=0.014) and MACE

TAVI, LA-GLS and RA diameter were independent predictors of ~ (HR=4.14, CI=1.37-12.5, p-value = 0.012) (Table 6).

RV-PA coupling impairment. Age, LA-GLS and RV diameter

emerged as independent predictors of impaired RV-PA coupling

after TAVL. Discussion

Our study provides evidence that baseline RV-FWLS/PASP

Clinical outcomes ratio, as a non-invasive surrogate of RV-PA coupling in
patients with severe AS undergoing TAVI, is a novel

Follow-up data were available for all patients, mean follow-up  parameter that refines risk assessment and independently
lasting 2.47 years (903+216 days, range: 134-1,095 days). predicts outcomes. The main findings of our study are:
During follow-up, MACE occurred in 38 patients (24.4%), of 1. Baseline RV-PA coupling impairment is influenced by
which rehospitalization in 19 patients (11.9%), and death in 25  persistent pulmonary hypertension and is associated with a
patients (15.6%). At 3-year follow-up the survival rate was 82.1%.  greater burden of cardiac damage; 2. cardiac damage is only
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TABLE 3 Echocardiographic changes after TAVI.

‘ All patients (n=132) post-TAVI

Aortic stenosis severity

Vmax, m/s 4.67 0.8 22+0.5 <0.001
Mean gradient, mmHg 57.6+19.4 12.1+5.0 <0.001
AVA, cm? 0.72+0.3 1.7+0.6 <0.001
AVAi, cm*/m* 0.4+0.2 1.0£03 <0.001
Aortic regurgitation 12+0.7 0.8+0.6 <0.001
Left ventricle

LVEF, % 514+12.1 55.1+10.0 0.008
LV-GLS, % —123+42 —-13.9+4.0 0.002
LVMi, g/m2 180.8 £ 50.5 155.8 £42.7 <0.001
E/A 12+038 09+0.4 0.001
Mitral regurgitation 1.3+0.6 1.1+0.5 0.003
Left atrium

LAAi, cm*/m’ 153+3.2 142+32 0.007
LAVi, ml/m? 55.3+19.0 49.1+18.2 0.007
LA-GLS, % (LA,) 124469 156473 <0.001
Right ventricle

TAPSE, cm/s 20+04 21+04 0.374
SRV, cm/s 104 +2.8 123+6.8 0.004
FAC, % 0.41+0.1 0.42£0.1 0.017
PASP, mmHg 40.2+15 33.7+11 <0.001
PAPm, mmHg 263+9 2217 <0.001
RA, mm 37.7+84 363+7.9 0.178
RV, mm 343 +6.1 33.7+59 0.378
Tricuspid regurgitation 0.98 +£0.86 0.97 £0.77 0.944
RV-GLS, % —-173+6.0 —18.6 £5.7 0.083
RV-FWLS, % —-219+75 —232+77 0.168
RV-IVS, % —-11.1+6.2 —-13.0%5.1 0.010
TAPSE/PASP, cm/mmHg 0.59+0.3 0.71+0.3 <0.001
RV-GLS/PSAP 0.51+0.27 0.61+0.26 0.002
RV-FWLS/PSAP 0.64 +0.34 0.75+0.33 0.007

Values are mean + SD. TAVI, transcatheter aortic valve implantation.

Vmax, maximum aortic velocity; AVA, aortic valve area; AVAI, aortic valve area
index; LVEF, left ventricle ejection fraction; LV-GLS, left ventricle global
longitudinal strain; LA, left atrium; LAAi, LA area index; LAVi, LA volume index;
LVMi, LV mass index; LA-GLS, LA global longitudinal strain; TAPSE, tricuspid
annular plane systolic excursion; S RV, peak systolic myocardial velocity at the
lateral site of the tricuspid annulus; PASP, systolic pulmonary artery pressure;
PAPmM, mean pulmonary artery pressure; FAC, right ventricle fractional area
change; RA, right atrium; RV, right ventricle; RV-GLS, RV global longitudinal
strain; RV-FWLS, RV free wall longitudinal strain; RV-IVS, RV interventricular
septum strain.

partially reversible, despite significant improvement of LV, LA,
and RV function after TAVI; 3. Baseline impaired RV-PA
coupling improves early after the procedure but continues to
present a higher mortality risk in the long term.

RV-PA coupling and aortic stenosis severity

Although some studies reported no correlation between AS
severity and the presence of PH or RV dysfunction, we found
that patients with impaired baseline RV-PA coupling had more
severe AS with lower AVAi and had more often bicuspid valves
(13, 18, 19). The fact that there were no significant differences
between groups regarding peak aortic jet velocity, peak and mean
transvalvular gradients, should be interpreted in the context of
impaired LVEF and low-flow low-gradient AS, which was more
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frequent in patients with impaired baseline RV-PA coupling.
Moreover, AS severity traditionally quantified by transvalvular
gradient and AVA has recently suffered a paradigm shift,
resulting in the concept of AS-related cardiac damage or injury
according to the reversibility potential (20, 21). As this model
better translates AS severity into prognosis, in depth analysis of
each component of cardiac damage/injury is required to improve
treatment strategies and timing with respect to reversibility of
injury (22, 23).

RV-PA coupling and left ventricular function
in aortic stenosis

Even though the impact of impaired LVEF on RV-PA
coupling has not been extensively studied, it has been
previously reported that impaired LVEF is an independent
predictor of PH (24). Due to ventricular interdependence, a
significant fraction of developed pressure and RV volume
on LVEF, RV
dysfunction in patients with AS and is associated with reduced

outflow depends resulting in frequent
survival (25). Our study population included patients with
impaired LVEF, more than a quarter, with a higher prevalence
in the group with impaired RV-PA coupling. While LVEF and
LV-GLS predicted to some extent baseline RV-PA coupling
impairment, they failed to be independent predictors in the
multivariable analysis. This could suggest that ventricular
interdependence plays only a secondary role in the equation of
RV-PA coupling. In our study we observed that baseline
RV-PA coupling correlated with LV diastolic dysfunction but
failed to independently predict it, which could indicate that
despite reversible LV injury, impairment of upstream cardiac
components could have different reversibility.

RV-PA coupling and left atrial function in
aortic stenosis

Although LA function and dimensions have been previously
shown to have an impact on morbidity and mortality in AS, little
is known about the link between RV-PA coupling and LA
function (26-28). In the context of AS, LA enlargement is a
marker of longstanding increased LV filling pressures, and has
been further correlated with upstream increased pressures in
the pulmonary circulation (29).

In our study impaired baseline RV-PA coupling was
associated with larger LA dimensions and impaired LA
function, especially the reservoir and booster-pump. Atrial
fibrillation was also correlated with impaired baseline RV-PA
coupling, indicating loss of LA booster-pump. LA-GLS was
associated with impaired RV-PA coupling before and after
TAVI, suggesting that persistently impaired RV-PA coupling
may be linked to irreversibility of atrial dysfunction. From a
clinical point of view, improvement of left atrial function in
the context of impaired RV-PA coupling failed to offer a
significant benefit in terms of morbidity and mortality. While
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TABLE 4 Echocardiographic changes after TAVI according to baseline RV-PA coupling impairment (short-term effect of TAVI on RV-PA coupling).

Echocardiographic parameters Normal RV-PA coupling baseline Impaired RV-PA coupling baseline
RVFWLS/PASP >0.63 (n =65) RVFWLS/PASP <0.63 (n=67)

Baseline 1 m post-TAVI p-value Baseline 1 m post TAVI p-value

Aortic stenosis severity

Vmax, m/s 4.8+0.38 23%0.5 <0.001 46038 2205 <0.001
AVAi, cm?/m? 044+0.2 0.98 +0.4 <0.001 0.37+0.1 092+03 <0.001
Aortic regurgitation 1.3+0.7 09+0.6 <0.001 12+0.7 0.8+0.6 <0.001
Left ventricle

LVEF, % 550+79 57.5+6.3 0.041 48.0+ 144 52.8+12.4 0.042
LV-GLS, % —142+39 —-153+3.6 0.098 —-10.5+3.7 —-12.6+39 0.002
LVMi, g/m2 174 +47 151 +41 0.003 187 +53 160 + 44 0.002
E/A 0.84+0.4 0.75+0.3 0.167 1.8+£0.9 1.1£0.6 <0.001
Mitral regurgitation 1.28 £0.6 1.05+0.4 0.007 1.27£0.6 1.12+0.5 0.111
Left atrium

LAAi, cm*/m® 142+24 133+25 0.047 163 +3.6 150 £3.7 0.032
LAVi, ml/m? 493+134 44.5+12.9 0.042 61.3+21.6 53.5+21.3 0.037
LA-GLS, % (LA¢) 16.1 +59 19.1+6.3 0.007 8.6%5.6 12.1+6.5 0.001
Right ventricle

TAPSE, cm/s 22+04 2204 0.936 19+04 20+04 0.187
S'RV, cm/s 115+25 124+22 0.020 94+2.6 12193 0.026
FAC, % 426 +6.5 44.6 £6.7 0.084 389+9.1 41.7 8.2 0.060
PASP, mmHg 309+84 29.1+7.0 0.191 49.2+15.1 38.1+13.1 <0.001
PAPm 209+52 19.8+4.3 0.191 32.0+9.1 253+8.0 <0.001
RV-GLS, % —212+43 -209+5.1 0.732 —13.6+49 —-16.5+5.5 0.001
RV-FWLS, % —27.0+49 -26.1%£6.7 0.424 —-169+6.1 —-206+75 0.003
RV-IVS, % —134+6.1 —14.6 £4.5 0.244 —8.6+52 —-11.5+5.1 0.003

Values are mean + SD, n (%), or median (interquartile range).

Vmax, maximum aortic velocity; AVA, aortic valve area; AVAI, aortic valve area index; LVEF, left ventricle ejection fraction; LV-GLS, left ventricle global longitudinal strain; LA,
left atrium; LAAI, LA area index; LAVi, LA volume index; LVMi, LV mass index; LA-GLS, LA global longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; S RV,
peak systolic myocardial velocity at the lateral site of the tricuspid annulus; PASP, systolic pulmonary artery pressure; PAPm, mean pulmonary artery pressure; FAC, right
ventricle fractional area change; RA, right atrium; RV, right ventricle; RV-GLS, RV global longitudinal strain; RV-FWLS, RV free wall longitudinal strain; RV-IVS, RV
interventricular septum strain.

both indexed LA area and volume decreased after the procedure, ~ PH, persistent PH is strongly associated with increased mortality
persistence of LA dilation predicts the persistence of RV-PA  and may require further treatment (33). Our study indicates an
coupling impairment. This clinically translated into the fact improvement in RV-PA coupling after TAVI, mainly through
that the degree of decrease in LA dimensions only marginally  decrease in PASP values. Although not reflected by all RV
impacted outcomes. These data are consistent with previous function parameters, early improvement of RV function was
studies which suggest that LA active emptying is impaired in  noted, as assessed by tricuspid lateral annulus systolic velocity,
the presence of severe LA dilation, and propose the exceeding FAC, RV-GLS and RV-FWLS. Acute improvements in RV
of optimal Frank-Starling mechanism as the explanation (30). function after TAVI have been previously demonstrated and can
be partly explained by the LV-RV systolic interaction (37, 38). A

study on HFrEF patients, where both RVGLS and RV-FWS have

. . . . prognostic value, has shown that RV-FWS better predicts outcome,

RV-PA coupling in aortic stenosis mainly because it is less influenced by LV longitudinal dysfunction
(39). The results of our study, together with previous findings,

Baseline pulmonary hypertension (PH) is common in patients  ¢ypport the idea that baseline RV-FWLS better refines risk
with AS undergoing TAVI and has been linked to increased

morbidity and mortality (31-33). Although more controversial

assessment when used as a surrogate parameter for RV function

normalized to baseline PASP value in the RV-PA coupling equation.
regarding evaluation, quantification and impact, baseline RV

dysfunction is also associated with adverse outcomes (21, 34, 35).

The connection between PH and RV function has complex

underlying pathophysiologic mechanisms that can be partly —Limitations

expressed through RV-PA coupling (36). Several studies have

shown that TAPSE/PASP ratio as a non-invasive surrogate of This is a prospective study conducted on consecutive AS
RV-PA coupling offers prognostic information in patients with  patients meeting the eligibility criteria for TAVI, resulting in a
severe AS (12, 13). While PH can improve after TAVI and is  heterogenous population in terms of associated comorbidities,
associated with improved survival, similar to patients without  but resembling the real-life clinical setting. More than half of the
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TABLE 5 Univariable and multivariable predictors of
impairment (binary logistic regression).

RV-PA coupling

Univariable regression analysis Pre TAVI Post TAVI
OR | p-value | OR | p-value
Age 0.940 0.028 0.952 0.044
Atrial fibrillation 3.980 0.001 9.389 <0.001
AVAi 0.048 0.009 0.406 0.102
Bicuspid 3.170 0.001 3.786 0.999
LVMi 1.005 0.129 1.009 0.043
LVEF 0.947 <0.001 0.951 0.008
LV-GLS* 1.305 <0.001 1.290 <0.001
E/A* 14.46 <0.001 4.689 0.020
LAVi 1.051 <0.001 1.046 0.001
LAAi 1.315 <0.001 1.251 0.001
LA-GLS 0.803 <0.001 0.845 <0.001
TAPSE 0.820 <0.001 0.900 0.030
SRV* 0.715 <0.001 1.003 0.902
FAC* 0.942 0.011 0.897 <0.001
PASP* 1.156 <0.001 1.140 <0.001
PAPm* 1.267 <0.001 1.239 <0.001
RA 1.149 <0.001 1.107 <0.001
RV 1179 <0.001 1.139 <0.001
Tricuspid regurgitation 1.687 0.017 1.750 0.024
RV-GLS* 1.483 <0.001 1.480 <0.001
RV-FWLS* 1.434 <0.001 1.361 <0.001
RV-IVS* 1.181 <0.001 1.227 <0.001
Multivariable regression analysis—Model 1 (Pre TAVI)
LA-GLS 0.837 <0.001
RA 1.111 0.003
Multivariable regression analysis—Model 2 (Post TAVI)
Age 0.931 0.040
LA-GLS 0.848 <0.001
RV 1.174 0.002

AVA, aortic valve area; AVAI, aortic valve area index; LVEF, left ventricle ejection
fraction; LV-GLS, left ventricle global longitudinal strain; LA, left atrium; LAAIi, LA
area index; LAVi, LA volume index; LVMi, LV mass index; LA-GLS, LA global
longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; S'RV, peak
systolic myocardial velocity at the lateral site of the tricuspid annulus; PAPS,
systolic pulmonary artery pressure; PAPm, mean pulmonary artery pressure; FAC,
right ventricle fractional area change; RA-right atrium; RV, right ventricle
RV-GLS, RV global longitudinal strain; RV-FWLS, RV free wall longitudinal strain;
RV-IVS, RV interventricular septum strain.

Model 1—Multivariable analysis (Backward Wald)—variables: age, atrial fibrillation,
AVAI, bicuspid, LAVi, LA-GLS, LVEF, RA, RV, tricuspid regurgitation.

Model 2—Multivariable analysis (Backward Wald)—variables: age, atrial fibrillation,
LAVi, LV mass index, LA-GLS, LVEF, RA, RV, tricuspid regurgitation.

*Variables highly correlated with another variable (Pearson coefficient>0.6), not
included.

included patients had associated CAD (of which half underwent
previous coronary revascularization), as CAD is the most
common comorbidity in AS (40).

One limitation of the study consisted in the short follow-up
period as comprehensive echocardiographic evaluation was not
routinely performed after the 1-month follow-up visit. Another
limitation of the study is the lack of invasive measurements for
comparison, but RV-FWLS/PASP has already been validated as a
surrogate of RV-PA coupling as Ees/Ea in other populations
(12, 41, 42) While mortality at 3-years was obtained through
queries of the National Register of population records, no data
regarding cause of death was available. Nonetheless, all-cause
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FIGURE 2
(A) Kaplan-Mejer survival plot illustrating survival in patients with normal
or impaired baseline RV-PA coupling; (B) Kaplan-Meier survival plot
illustrating freedom from rehospitalization or death in patients with
normal or impaired baseline RV-PA coupling.

mortality represents an objective and relevant outcome. The
pathophysiologic relations outlined in our study need to be
interpreted in the context of a relatively small number of
patients, but with comprehensive advanced echocardiographic
assessment, and require further confirmation in larger studies.

Conclusion

Our results confirm that relief of aortic valve obstruction by TAVI
has beneficial effects on the RV-PA coupling, that occur early after the
procedure. This is accompanied by a significant improvement in LV,
LA, and RV function. The results show a significant correlation
between LA function and RV-PA coupling before TAVI, suggesting
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TABLE 6 Predictors of MACE and mortality (Cox regression analysis).

Univariable MACE Death
analysis

Baseline 95% Cl 95% Cl
parameters

Atrial fibrillation 218 | 1.14-4.16 | 0018 |2.27|1.02-507 | 0.044
LAVi 1.01 | 0.99-1.02| 0.110 |1.02|0.99-1.03| 0.059
LAVi > 44* 240 | 1.01-5.73 | 0.049 |3.11|0.94-104 | 0.065
LA-GLS 0.96 | 0.91-1.01 | 0.110 |0.96 | 0.90-1.02 | 0.160
LA-GLS > 14* 042 | 0.19-091 | 0.027 |0.31]0.11-091 | 0.032
LAAi 1.07 | 0.99-1.16 | 0.097 | 1.10 | 1.00-1.21 | 0.047
LAAi > 14* 267 | 123-582 | 0013 | 267 |120-102 | 0.021
PASP 1.03 | 1.01-1.05 | 0.007 | 1.03 | 1.00-1.05 | 0.030
PASP > 60* 3.06 | 1.39-6.71 | 0.005 |3.63|1.44-9.15| 0.006
TAPSE/PASP 0.26 | 0.66-1.06 | 0.061 | 0.50 | 0.10-2.55 | 0.401
TAPSE/PASP < 0.36* 312 | 1.64-592 | 0.001 |241|1.07-542 | 0.034
RV-FWLS 1.03 | 0.99-1.08 | 0.128 | 1.05|0.99-1.10 | 0.082
RV-FWLS/PASP 377 | 125-114 | 0019 |551|1.32-23.0| 0.019
RV-FWLS/PASP < 0.63* | 3.27 | 1.54-6.97 | 0.002 | 7.39 | 2.19-24.9 | 0.001

Multivariable
analysis
RV-FWLS/PASP 4.14

1.37-12.5 | 0.012 | 597

144-248 0014 |

MACE, major adverse cardiac events; LAVi, LA volume index; LAAI, LA area index;
LA-GLS, LA global longitudinal strain; TAPSE, tricuspid annular plane systolic
excursion; PAPS, systolic pulmonary artery pressure; PAPm, mean pulmonary
artery pressure; RV-FWLS, RV free wall longitudinal strain; RV-GLS, RV global
longitudinal strain.

Multivariable analysis (Backward Wald)—variables: atrial fibrillation, LAVi, LAAI, LA-
GLS, RV-FWS/PSAP.

*Cut-off values determined by ROC analysis.

the contribution of LA function in modulating right heart function in
patients with AS. Persistence of impaired RV-PA coupling after TAVI
is mainly influenced by persistent pulmonary hypertension and is
associated with long-term adverse outcomes. The complex
underlying mechanisms of RV-PA coupling impairment require
further analysis of cardiac injury reversibility.
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decline in left ventricular function
in primary mitral regurgitation
using regression and machine
learning models
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Mustafa |. Ahmed’®, Yu-Hua Dean Fang’ ®, Betty Pat** ®,
Thomas S. Denney’ ® and Louis J. Dell'ltalia®**

Department of Mathematics and Statistics, Auburn University, Auburn, AL, United States, 2Division of
Cardiovascular Disease, University of Alabama at Birmingham, Birmingham, AL, United States,
SDepartment of Radiology, University of Alabama at Birmingham, Birmingham, AL, United States,
“Birmingham Veterans Affairs Health Care System, Birmingham, AL, United States, *Department of
Electrical and Computer Engineering, Samuel Ginn College of Engineering, Auburn University, Auburn, AL,
United States

Background: Class | echocardiographic guidelines in primary mitral regurgitation
(PMR) risks left ventricular ejection fraction (LVEF)<50% after mitral valve
surgery even with pre-surgical LVEF>60%. There are no models predicting
LVEF <50% after surgery in the complex interplay of increased preload and
facilitated ejection in PMR using cardiac magnetic resonance (CMR).

Objective: Use regression and machine learning models to identify a combination
of CMR LV remodeling and function parameters that predict LVEF <50% after
mitral valve surgery.

Methods: CMR with tissue tagging was performed in 51 pre-surgery PMR patients
(median CMR LVEF 64%), 49 asymptomatic (median CMR LVEF 63%), and
age-matched controls (median CMR LVEF 64%). To predict post-surgery LVEF <
50%, least absolute shrinkage and selection operator (LASSO), random forest
(RF), extreme gradient boosting (XGBoost), and support vector machine (SVM)
were developed and validated in pre-surgery PMR patients. Recursive feature
elimination and LASSO reduced the number of features and model complexity.
Data was split and tested 100 times and models were evaluated via stratified
cross validation to avoid overfitting. The final RF model was tested in
asymptomatic PMR patients to predict post-surgical LVEF <50% if they had gone
to mitral valve surgery.

Results: Thirteen pre-surgery PMR had LVEF <50% after mitral valve surgery. In
addition to LVEF (P=0.005) and LVESD (P=0.13), LV sphericity index (P =0.047)
and LV mid systolic circumferential strain rate (P=0.024) were predictors of
post-surgery LVEF < 50%. Using these four parameters, logistic regression achieved
77.92% classification accuracy while RF improved the accuracy to 86.17%. This
final RF model was applied to asymptomatic PMR and predicted 14 (28.57%) out
of 49 would have post-surgery LVEF <50% if they had mitral valve surgery.

Abbreviations

AUROG, area under the Receiver Operating Characteristic (ROC) curve; AUPRC, area under Precision-Recall
(PR) curve; CMR, cardiac magnetic resonance; LV, left ventricle; LA, left atrium/atrial; LASSO, least absolute
shrinkage and selection operator; LA EF, left atrial emptying fraction; LVEDD, left ventricular end-diastolic
dimension; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic dimension; PMR,
primary mitral regurgitation; RF, random forest; ROC, receiver operating characteristic; SHAP, Shapley
Additive exPlanations; SVM, support vector machine; XGBoost. extreme gradient boosting; XO, xanthine
oxidase.
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Conclusions: These preliminary findings call for a longitudinal study to determine whether
LV sphericity index and circumferential strain rate, or other combination of parameters,
accurately predict post-surgical LVEF in PMR.

KEYWORDS

machine learning, mitral regurgitation (MR), predictive models, LV circumferential strain rate, post-
surgical LVEF

Introduction

timing of surgical intervention to reduce the likelihood of post-
surgical decline in LVEF.

Patients with primary mitral regurgitation (PMR) and left
ventricular ejection fraction (LVEF) >60% have a 20% chance of

The advantages of machine learning models are their ability
to integrate predictors extracted from multiple sources and to
LVEF <50% after mitral valve repair or replacement (1-3). model both linear and nonlinear interactions amongst them (8).
Current Class I guidelines include conventional echocardiography-
derived LVEF <60%, LV end-systolic dimension>4.0cm or
symptoms for surgical intervention (4). These guidelines were
with
postoperative LV function (1). We have demonstrated severe

An important advantage of machine learning over conventional
statistical methods (e.g., logistic regression) is that various
machine learning algorithms do not require data to conform to
based on postoperative survival less emphasis on  statistical assumptions. Thus, machine learning models can
identify unexpected predictors not accounted for by linear
cardiomyocyte ultrastructural damage in patients with moderate to
severe PMR and echocardiographic LVEF >60% in PMR patients

(5-7). These findings reinforce the concept that unrecognized

models and interactions that have prognostic value. With
recursive feature elimination and repetitive testing, machine
learning models are now being used in pilot analyses even in
smaller data sets (9, 10).

Recent studies employ machine learning and regression

cardiomyocyte ultrastructural damage may in part explain the
decrease in post-operative LVEF.

Given the risk of waiting too long for surgery, current Class Ila ~ methods to achieve optimal analytical goals with multiple
indication for asymptomatic patients with severe PMR and LVEF >  potential predictors (Figure 1) (11). The current study employs
Random Forest (RF) (12), Support Vector Machine (SVM) with
Radial Basis Function Kernel (13), extreme gradient boosting
(XGBoost) (14), in addition to a standard least absolute shrinkage
and selection operator (LASSO) penalized logistic regression (15).
These models are trained, re-trained based on a reduced number

of features and validated in data from pre-surgical PMR patients

60% recommends mitral valve repair at a Heart Valve Center of
Excellence with a greater than 95% likelihood of a successful and
durable repair without residual mitral regurgitation and expected
mortality rate of less than 1% (4). However, outcomes among
these asymptomatic patients are heterogeneous, and models to
select the subset of asymptomatic patients with LVEF >60% who
will benefit from early surgery remains elusive. The impetus for  to predict six-month post-surgery LVEF < 50%. The final model is
the current study is to identify cardiac magnetic resonance then applied to predict LVEF <50% in a cohort of asymptomatic

(CMR) markers of LV function and remodeling to optimize = PMR patients if they had gone to mitral valve surgery.

Goal of this
Study

Statistical
Methods

Multiple testing

FIGURE 1

o Linear Models surgery LVEF<50% for PMR B
based on patients «  XGBoost
assumptions * Identify important LV remodeling]  «  Support vector

+ LASSO and function parameters Machine
*+ Logistic » Robust applications to » SHAP value
regression asymptomatic PMR patients interpretation

Application of regression and machine learning methods to achieve optimal analytical goals.

Accurate predictions of post- D tcdil
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Materials and methods
Study population

This single-center study includes 49 asymptomatic and 51 pre-
surgery PMR patients recruited between 2006 and 2010 under NHLBI
Specialized Centers of Clinically Oriented Research grant (5, 6, 16).
Primary degenerative mitral valve prolapse characterized by
echocardiographic evidence of thickened, redundant leaflets with
excessive motion and prolapse. Patients were excluded for evidence of:
(1) aortic valve>trace aortic regurgitation or mean gradient of
>10 mmHg, (2) mitral stenosis (mean gradient > 5 mmHg, valve area
<15cm?), (3) endocarditis, (4) iatrogenic MR (ergot, radiation
induced), (5) hemodialysis, (6) pregnancy, (7) presence of coronary
artery disease (stenosis > 50%), 8) positive exercise tolerance test with
myocardial perfusion. The Institutional Review Boards of the
University of Alabama at Birmingham and Auburn University
approved the study protocol. All participants gave written informed

consent.

Data collection

All data from patients’ baseline and return visits were obtained
prospectively and recorded in electronic health data records. Cardiac
magnetic resonance (CMR) imaging with tissue tagging was
performed in control volunteers who had no prior history of
cardiovascular disease or medical illness, no history of smoking, and
no cardiovascular medications. Asymptomatic PMR patients had
Class I status, with moderate/severe PMR by color flow Echo/Doppler,
LVEF>60%, LV end-systolic dimensions (ESD) <40 mm, leaflet
thickening and prolapse, and normal maximal exercise myocardial
perfusion imaging (17). At baseline, PMR patients (asymptomatic, n
=49 and pre-surgery, n=>51), plasma xanthine oxidase (XO) activity
and carboxy-terminal propeptide of procollagen type I (PICP), a

TABLE 1 Features included in predictive models (N = 37).

Category (No. of Features)
Demographics (9)

CMR

- LV function (6)

- LV remodeling (4)

- Regurgitation (1)

- LA remodeling (3)

- RV parameters (1)

LV CMR tissue tagging (9)

Pre-surgery and Post-surgery (6 months)

Regurgitant Volume

RV ejection fraction

LV mid Systolic Circumferential Strain

LV mid Systolic Longitudinal Strain

LVES Maximum Strain

LV mid Systolic Circumferential Strain Rate
LV Systolic Longitudinal Strain Rate

LV Peak Systolic Twist

LV Systolic Twist-per-Volume Slope
CL-Shear Angle

LV Systolic Torsion

Biomarkers (4) XOCM, PICP, ICTP, PICP/ICTP

10.3389/fcvm.2023.1112797

marker of type I collagen synthesis, and carboxy-terminal telopeptide
of collagen type I (ICTP) levels, a marker of type I collagen
degradation were measured. Post-surgical CMR was performed six
months after the surgical procedure in all pre-surgery patients.

Cardiac magnetic resonance

Table 1 lists all CMR-derived LV and left atrial volumes, strains
and twist as previously described in our laboratory (5, 6, 16, 17).

Xanthine oxidase measurement

Peripheral venous XO activity was measured by the rate of uric
acid production in the presence of xanthine (75uM) without
NAD" as described previously in our laboratory (16).

Collagen homeostasis

Baseline levels of PICP and ICTP were measured with
commercially available immunoassays (Quidel Corporation, USA
and Orion Diagnostic, Finland). Detection limits were 0.2 ng/ml for
PICP and 0.3 ng/ml for ICTP as described previously in our lab (16).

Statistical analysis

Data in Tables are presented as number (% of total) or median
(interquartile range). Statistical differences between two groups are
tested via Mann-Whitney U test for continuous variables and chi-
test (Tables 1, 2
Supplementary Table S1). Comparisons between 3 groups are
tested by Kruskal-Wallis and the p-values adjusted by false

square for categorical variables and

Features

Age, Race, Gender, Weight, Height, BMI, BSA, Hypertension, Atrial Fibrillation

LV end-diastolic volume, LV end-systolic volume, LV end-diastolic dimension, LV end-systolic dimension, LVEF, LV Stroke Volume,

LV end-diastolic mass, LV mass/volume, LV Sphericity Index (SI), LV mass/volume x SI

LA maximum and minimum volumes, Total LA emptying fraction

CL, circumferential-longitudinal; CMR, cardiac magnetic resonance; ICTP, Carboxy-terminal telopeptide of collagen type |, a marker of type | collagen degradation; LA, left
atrial; LV, left ventricle; RV, right ventricle; LVEF, LV ejection fraction; PICP, Carboxy-terminal propeptide of procollagen type |, a marker of type | collagen synthesis; XO,

xanthine oxidase normalized to plasma protein (XOCM).
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TABLE 2 Pre-Surgery baseline demographic and CMR data separated by LVEF> or <50% at 6 months post-surgery (N = 51).

LVEF > 50% LVEF < 50% P value FDR adjusted
Age 56 (46, 62) 51 (43, 66) 0.85 0.91
Female/Male 8 (21%)/30 (79%) 7 (54%)/6 (46%) 0.025 0.204
BMI (kg/mz) 27 (24, 29) 25 (23, 30) 0.53 0.699
BSA (mz) 2.02 (1.89, 2.12) 1.80 (1.68, 2.04) 0.06 0.223
Hypertension (Y/N) 15 (39%)/23 (61%) 3 (23%)/10 (77%) 0.29 0.459
Atrial Fibrillation (Y/N) 5 (13%)/33 (87%) 5 (38%)/8 (62%)* 0.047 0.204
LVEF (%) 65 (62, 68) 58 (53, 64)* 0.005 0.146
LVED Volume (mL/m?) 104 (88, 128) 104 (96, 122) 0.91 091
LVES Volume (mL/mz) 36 (29, 45) 44 (36, 54)* 0.036 0.204
LV Stroke Volume (mL/m?) 69 (55, 82) 64 (54, 70) 0.23 0.459
LVED Diameter (mm) 57 (53, 62) 59 (55, 66) 0.30 0.459
LVES Diameter (mm) 44 (40, 47) 49 (40, 55) 0.13 0.376
LVED Mass/Volume (g/mL) 0.6 (0.6, 0.7) 0.6 (0.5, 0.7) 0.54 0.669
LV Sphericity Index (SI) 1.58 (1.43 1.78) 1.47 (1.29, 1.65)* 0.047 0.204
LVED Mass/Volume x SI 1.0 (0.8, 1.3) 0.9 (0.8, 1.1) 0.17 0.425
LV Systolic Twist/Volume slope (°/ml) —0.07 (—0.09, —0.05) —0.07 (—0.10, —0.05) 0.81 091
LV Systolic Circumferential Strain rate (1/s) —0.69 (—0.77, —0.64) —0.59 (—0.74, —0.51)* 0.024 0.204
Peak LV Torsion (°/cm) 2.05 (1.62, 2.55) 1.97 (1.34, 2.18) 0.30 0.459
Circumferential L-Shear Angle (°) 7.4 (6.5, 9.4) 7.1 (5.3, 8.8) 0.27 0.459
LVES Circumferential Strain —0.15 (—0.16, —0.13) —0.14 (—0.16, —0.12) 0.23 0.459
LVES Longitudinal Strain —0.13 (—0.14, —0.11) —0.11 (—0.16, —0.10) 0.89 091
LVES Maximal Strain —0.20 (—0.21, —0.19) —0.19 (—0.21, —0.18) 0.42 0.575
LA Max Volume (mL/m?) 58 (49, 81) 58 (53, 79) 0.76 0.898
LA Min Volume (mL/m2) 37 (22, 47) 38 (31, 47) 0.41 0.575
LA Emptying Fraction (%) 46 (37, 51) 42 (38, 46) 0.18 0.425
Regurgitant Volume (mL) 68 (49, 85) 57 (36, 70) 0.07 0.228

LV, left ventricle; LVED, LV end-diastolic; LVES, LV end-systolic; LVEF, LV ejection fraction; LA, left atrial; XO, xanthine oxidase normalized to plasma protein (XOCM) or
plasma volume (XOCV); PICP, Carboxy-terminal propeptide of procollagen type |, a marker of type | collagen synthesis; ICTP, Carboxy-terminal telopeptide of

collagen type |, a marker of type | collagen degradation.
Bold values indicate significance of p < 0.05.

discovery rate (FDR) for multiple testing, reported in
Supplementary Table S2. Univariate and multivariate logistic
regression are fitted to predict the probability of post-surgical
LVEF < 50% using 4 pre-surgical parameters (LVEF, LVESD, LV
sphericity index, and LV systolic circumferential strain rate
(Supplementary Tables S3, $4).

Model development in pre-surgical patients

This study employed a standard LASSO (15) logistic regression and
three machine learning models: random forest (RF) (12), support vector
machine (SVM) with Radial Basis Function (RBF) Kernel (13), and
extreme gradient boosting (XGBoost) (14). The models are trained to
predict a binary response variable with two levels: LVEF <50% or
>50% at 6 months after mitral valve surgery in pre-surgery PMR
patients. The models were initially developed using 37 features
including demographics, CMR parameters, and biomarkers for
predictive modeling (Table 1 and Figure 2).

Feature selection

To avoid overfitting and to increase the reproducibility of the
models, we attempted to include the most relevant features in

Frontiers in Cardiovascular Medicine

predicting post-surgery LVEF <50%. LASSO, which is a
regression model penalized on ; penalty, performs both feature
selection and regularization by itself to enhance the
interpretability and accuracy of the linear model. Therefore,
LASSO does not require extra feature selection. However, for RF,
SVM, and XGBoost models, the most relevant features are
selected by recursive feature elimination algorithm (18, 19). This
fits machine learning models with all features at the beginning
and excludes the least important features based on their
importance rank, resulting in a model with a reduced number of
features (Figure 2). This elimination process is then iterated by
updating the feature importance rank using the model from the
previous iteration, thus updating the model with a fewer number
of features. The recursive feature elimination stops when the
highest area under the ROC curve (AUROC) is achieved, and the
final feature sets is the optimal feature set for our final models
(Figure 3A).

For RF and XGBoost, the feature importance is measured by a
mean decrease in Gini index, which reflects the contribution of
each feature to the purity of the nodes or leaves in the tree-based
models. The greater the mean decrease in Gini index, the more
important the feature is in the model. For SVM, the feature
importance is measured using the AUROC value. To compare
the feature importance returned by different models, we scale the
importance scores to the same scale (0-1) for each model
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51 pre-surgery PMR Patients
Baseline and 6-month
CMR with tissue tagging

49 Asymptomatic PMR Patients
CMR with tissue tagging

To Identify New Parameters

Machine learning (RF, SVM, XGBoost) and Regression (LASSO)
Models to predict if LVEF<50% 6-month after surgery

v

To Reduce Complexity

Feature Selection & Hyperparameter Tuning

What if Asymptomatic
PMR patients went to

v

mitral valve surgery?

To Improve Accuracy

averaged over 100 iterations.

Data is randomly divided into training (85%) and
test (15%) in different patients 100 times. In
each iteration, models are evaluated on the test
set. Model performance (e.g., accuracy) is

RF predicts 14 patients would have
LVEF<50% if they went to surgery.

v

Best Model
RF has highest accuracy
& AUC With 4 features

o

51 patients with

Final RF Model
LVEF, LV SI, LVESD, LV mid
circumferential strain rate

RF Retraining

>

4 best features

FIGURE 2

Flow chart of proposed model training and validation process. 51 pre-surgery and 49 asymptomatic PMR patients were recruited between 2005 and 2010.
Random sampling was performed in pre-surgical patients to generate balanced data. Training (n = 43) and Testing Sets (n = 8) were established (blue flow
chart). For each model, feature selection identified a subset of features relevant in predicting post-surgical LVEF <50% using LASSO, or the machine
learning models: random forest (RF), support vector machine (SVM), and extreme gradient boosting (XGBoost) models. Random forest had the
highest area under the curve and accuracy and was chosen as the best predictive model. Based on the top 4 predictive features [LVEF, LV Sphericity
Index (SI), LVESD and LV systolic circumferential strain rate], the RF model was retrained on the 51 pre-surgery PMR patents then applied to 49
asymptomatic PMR patients to predict LVEF <50% (14 patients—28%) if they were to have mitral valve surgery (green flow chart).

separately as follows:

Impi — Impm,-n

,i=1,2, ..
Impmax - Impmin

Impi,scaled = ., 37

where Imp is the raw importance score, Imp,,,, is the maximum
importance score among 37 features, and Imp,;, is the minimum
importance score among 37 features. Figure 3C shows the top
features selected by the four models.

Model training and testing process

Fifteen percent of pre-surgical PMR patients are randomly
selected as an independent testing set (n=8), and the
remaining 85% are used to train the initial machine learning
models (n =43) using the initial 37 features (Table 1). During
each iteration in recursive feature elimination, hyper-parameter
tuning and cross-validation are performed to obtain the model
with a reduced feature set and optimal hyper-parameters. For
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the LASSO and machine learning methods, the corresponding
models with the optimal feature sets that result in the highest
AUROC were selected as final models. Subsequently, the four
final models are further evaluated and compared via cross-
validation. To eliminate the potential sampling bias and to
obtain a robust model performance, we repeated the splitting,
training, and testing process 100 times (i.e., using a different
testing patient set of n=38 vs. the training set of n=43), and
record the averaged model performance across iterations in the
results.

The LASSO and machine learning models are evaluated via six
metrics: classification accuracy, area under the receiver operating
characteristic curve (AUROC), area under Precision-Recall (PR)
curve (AUPRC), sensitivity, specificity, precision, and F1 score in
the 51 pre-surgical PMR patients who have an actual known
outcome of LVEF <50% at 6 months post-surgery (Figure 3D).
Among the six metrics, AUROC was used to choose the final
prediction model for post-surgical LVEF < 50%.

B TP + TN
ccuracy —
Y = TP+ IN+FP+FN
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L TP
Sensitivity = TP T EN

TN
Speciﬁcity = m

. TP
Precision = ——
TP + FP
2TP
Fl score = —————
2TP + FP + FN

Where TP, TN, FP, and FN =true positive, true negative, false
positive, and false negative.

Interpretation of machine learning model

To interpret the final predictive model, we compute the
Shapley Additive exPlanations (SHAP) (14) value, which is
developed from the Shapley value in cooperative game theory.
The Shapley value in game theory quantifies the contribution
that each player brings to the game. Similarly, the SHAP value
quantifies the contribution of each feature to the model
prediction. In our case, one game is one patient, and the players
are the optimal feature sets in the final predictive model. The
SHAP value of a particular feature is computed by weighting the
marginal contributions of the feature. For pre-surgery PMR
patient or asymptomatic PMR patient, we compute the SHAP
value to evaluate the contribution of each feature to prediction of
the post-surgical LVEF <50%. Therefore, the SHAP value
provides a local (i.e., patient-level) interpretation of the decision
made by the final machine learning model. Moreover, by
averaging the absolute SHAP values, we can obtain the overall
feature importance, which provides an overall (ie., group-level)
interpretation of the machine learning model. In addition, the
sign of the SHAP value implies the directional impact of each
feature on the prediction (i.e., a positive SHAP implies positive
impact on the probability of post-surgical LVEF < 50%).

Results

Baseline characteristics of asymptomatic
and pre-surgical PMR patients

There is a significantly higher incidence of episodic atrial
fibrillation
(LVEDD), LVESD, and pulmonary artery systolic pressure (by

and medications, LV end-diastolic dimension
Echo/Doppler) in pre-surgery vs. asymptomatic PMR. Forty
seven per cent of pre-surgical patients are Class I, and all
patients had normal renal function. Median pulmonary systolic
pressure and median pulmonary artery wedge pressure are
38 and

(Supplementary Table S1).

16 mmHg, respectively, in pre-surgical patients
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CMR in asymptomatic and pre-surgery
patients with moderate to severe PMR

LVEF does not differ among normal and both PMR groups. LV
end-diastolic volume, LV stroke volume, LVEDD, LVESD, and
regurgitant volume and XO activity are greater in pre-surgery vs.
asymptomatic PMR. However, LVED mass/volume, Sphericity
and LVED 3-dimensional
thickness at mid LV do not differ in asymptomatic and pre-

Index, radius of curvature/wall
surgery PMR patients. Asymptomatic and pre-surgery patients
have decreased LV systolic twist/volume slope (°/mL) vs.
controls. The increase in plasma ICTP and decrease in the PICP
are consistent with net collagen degradation in pre-surgery PMR
patients. There is an increase in LA maximum and minimum
volumes in asymptomatic PMR compared to normal and they
are higher in pre-surgical PMR patients. However, only pre-
surgical PMR patients have a decrease in total LA emptying
fraction (Supplementary Table S2).

CMR in pre-surgery PMR patients with LVEF
<50% at 6 months post-surgery

Among the 51 pre-surgical patients, 13 patients (25.49%) had a
decrease in CMR LVEF <50% at 6 months post-surgery. Patients
with LVEF <50% were more likely to have a median baseline
LVEF <58% by CMR and a greater incidence of atrial fibrillation.
Those with a decrease in LVEF had a higher LV end-systolic
volume index and lower LV sphericity index and LV mid systolic
circumferential strain rate, prior to surgery. However, FDR-
adjusted p-values indicated no significant differences between the
two groups (Table 2).

Statistical and machine learning modeling in
pre-surgery PMR patients

Four predictive models: a standard linear model - LASSO, and
three machine learning models: RF, SVM, and XGBoost were
trained to predict a binary response variable with two levels:
LVEF <50% or >50% at 6 months after mitral valve surgery in
the 51 pre-surgery PMR patients (Figure 2). The models were
initially developed using 37 features including demographics,
CMR parameters, and biomarkers for predictive modeling
(Table 1). To reduce the complexity of the model, feature
selection (Figure 2) identifies a subset of features that are
relevant in predicting a post-surgical LVEF <50% using LASSO
for the linear model and recursive feature elimination for the
machine learning models. Figure 3A shows the ROC and
precision-recall curves (PRC) (Figure 3B) and the top important
features selected by LASSO and the machine learning models
(Figure 3C) and lists the model performance (Figure 3D) for all
four models including: AUROC, AUPRC, accuracy, sensitivity,
specificity, precision, and F1 score along with the 95% confidence
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Linear and Machine Learning Model Performance Metrics (95% Confidence Intervals
AUROC AUPRC Accuracy Sensitivity Specificity Precision F1

RF 0.846 0.958 0.862 0.904 0.650 0.936 0913
(0.791,0.901) | (0.941,0.976) | (0.835,0.888) | (0.878,0.930) | (0.555,0.745) | (0.918,0.954) | (0.896,0.930)

SVM 0.834 0.958 0.858 0.940 0.450 0.904 0916
(0.780,0.888) | (0.942,0.974) | (0.835,0.882) | (0.919,0.961) | (0.351,0.549) | (0.886,0.921) | (0.901,0.931)

XGBoost | 0.801 0.949 0.863 0.920 0.580 0.926 0916
(0.743,0.859) | (0.932,0.967) | (0.840,0.887) | (0.897,0.943) | (0.482,0.678) | (0.908,0.943) | (0.901,0.931)

LASSO | 0.638 0.902 0.768 0.884 0.190 0.849 0.859
(0.572,0.704) | (0.879,0.925) | (0.743,0.794) | (0.856,0.912) | (0.112,0.268) | (0.833,0.864) | (0.842,0.877)

FIGURE 3

(A) the receiver operating characteristic (ROC) and (B) precision-recall curves (PRC) for logistic regression with LASSO, random forest (RF), SVM, and
XGBoost models. (C) Feature selection identifies a subset of features that are relevant/important in predicting a post-surgical LVEF <50% using LASSO
for the linear model and Recursive Feature Elimination for the RF, SVM, and XGBoost models. XOCM is XO activity in uUnits/mg protein; XOCV is XO
activity in pUnits/ml plasma. (D) Table of Model Performance for each Predictive Model with 95% confidence intervals in parentheses.

interval generated via bootstrapping. Overall, the machine learning  Rgndom forest model interpretation
models outperform the LASSO regression model. Based on the top
features, the RF model provided the highest AUROC and AUPRC

and was chosen to re-train the 51 pre-surgical patients using the

The SHAP value interprets the contribution of the four

important features of the RF model that predict post-surgery
four most relevant features identified by RF, for predicting LVEF

<50%: baseline LVEF, LV Sphericity Index, LVESD, and LV
Systolic circumferential strain rate to improve predictability of
the final model (Figure 2).

LVEF < 50% for both pre-surgery (Figure 4A) and asymptomatic
PMR patients (Figure 4B). The directional impact of each
feature is represented by the sign (negative or positive) of the
SHAP value. A positive SHAP for each feature has a positive
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FIGURE 4
SHAP values for pre-surgery (A) and asymptomatic (B) PMR patients. Color value of each feature: highest blue and lowest yellow. Negative SHAP value (left
side of 0.0) is a negative impact on the odds ratio, i.e., less likely to have post-surgical LVEF < 50%. Positive SHAP value (right side of 0.0) indicates a higher
probability of post-surgical LVEF <50%. (C) SHAP values for pre-surgery (top) & asymptomatic (bottom) PMR presented with potential cutoff values (red
vertical dashed line) indicating the likelihood of post-surgical LVEF <50%. A negative SHAP value (red) indicates a negative impact on the odds ratio, i.e.,
less likely to have post-surgical LVEF <50%. A positive SHAP value (blue) indicates a higher probability of post-surgical LVEF <50%. Each circle is
representative of an individual patient

impact on the probability of post-surgery LVEF < 50%. A negative
SHAP value has a negative impact on the probability of post-
surgery LVEF < 50%. The larger the absolute value of SHAP, the
greater the contribution the feature has to the model prediction.
Figure 4C shows the SHAP value of the four features in the
RF model with a data-driven cutoff value (red vertical dashed
line) indicating the directional impact on the likelihood of post-
LVEF <50% in
asymptomatic (bottom graphs) PMR patients. Each circle

surgical pre-surgery (top graphs) and
represents one patient, and the color denotes positive (blue) or
negative (red) impact of the feature on the probability (or
likelihood) of post-surgery LVEF < 50%. The higher the absolute
baseline CMR derived LVEF (>58%) and sphericity index
(>1.3), the less likely for post-surgical LVEF <50% (negative
SHAP values). Mid LV systolic circumferential strain rate is a
negative quantity and more negative values represent a greater
circumferential shortening rate. Thus, <—0.63 1/s (—0.00063
1/ms) suggests that it is less likely for post-surgical LVEF < 50%
(negative SHAP values). In comparison, the higher the LVESD
(>48 mm), the more likely to have a post-surgical LVEF < 50%
(positive SHAP value).

Frontiers in Cardiovascular Medicine

Prediction of LVEF <50% after mitral valve
surgery in asymptomatic PMR

We address the
asymptomatic PMR patients would potentially be at risk for
LVEF < 50% if they had gone to surgery. Therefore, we retrained

important question of how many

the optimal RF model with the four selected features in all 51
pre-surgery PMR patients, and applied it to asymptomatic PMR
patients (Figure 2). Random Forest predicted 14 out of 49
(28.57%) asymptomatic PMR patients would have LVEF <50%
post mitral valve surgery, had they gone to surgery.

Discussion

In the current study, we employed a combination of machine
learning and regression methods with the intention of identifying
a combination of CMR (and biomarker) predictors not
accounted for by a linear model alone for predicting LVEF < 50%
at 6 months after surgery. In addition to LVEF and LVESD, mid
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LV systolic circumferential strain rate and LV sphericity index
predict LVEF <50% six months after surgery. Figure 1 outlines
the value of utilizing both machine learning and regression
modeling to achieve an optimal analytical result in addressing
this complicated question. Compared with classic regression
models, machine learning: (1) integrates predictors extracted
from multiple sources and models both linear and nonlinear
interactions amongst them and; (2) identifies unexpected
predictors not accounted for by linear models.

The RF model was most accurate when reducing the features to
LVEF, LVESD, LV and LV mid wall

circumferential strain rate in comparison to linear regression

sphericity index
modeling. CMR LV strain emanates from tissue tagging that
allows for intramyocardial displacement and strain by motion of
identifiable distributed  throughout the
myocardium (5, 6). The adverse spherical remodeling, increase in
LV mid radius/wall thickness, and global decrease in LVED
mass/volume elevates wall stress resulting in a detrimental effect

material  points

on LV mid circumferential shortening. Models that determine
the effect of LV shape on LVEF demonstrate the importance of
circumferential strain over longitudinal strain in maintaining
LVEF in the spherically dilated LV (20). However, these models
do not account for the presence of mitral regurgitation. In this
pilot study, the RF model captures the inescapable LV spherical
remodeling characteristic of PMR (5, 6, 16, 21). This connection
to circumferential strain rate rather than circumferential strain
alone further underscores the confounding factors of PMR
ejection dynamics in the face of ejection into the low pressure
left atrium, increased preload, and increased adrenergic drive in
patients with PMR and LVEF>60% (22, 23). The decrease in
contractile velocity at the LV mid wall can be attributed to the
loss of sarcomeres in the PMR heart (5, 6, 16, 21).

Regurgitant volume and plasma XO activity are other features
identified more than once in the four models. However, the
regurgitant volume calculated from the difference of LV and RV
stroke volumes is an underestimate due to the 30% incidence of
significant tricuspid regurgitation in the pre-surgical PMR patients.
When calculated using phase velocity mapping for forward stroke
volume, regurgitant volume may become a very powerful feature
predictor as demonstrated in previous studies in PMR patients
(24). We have reported an increase in LV and plasma XO,
extensive mitochondrial damage, and breakdown of desmin in
patients with moderate to severe PMR and LVEF > 60% (5, 6, 16).
Xanthine oxidase can depress myofilament sensitivity to calcium
and XO products like superoxide and hydrogen peroxide, can
oxidatively influence mitochondria, myofilaments, calcium
handling proteins, resulting in decreased LV strain rate (25).

An important addition to the interpretation of machine
learning models is the SHAP (Shapley Additive exPlanations)
(14) value, developed from the Shapley value in cooperative
game theory. The SHAP value assigns each feature an
importance value for a particular prediction to explain the
decision made by the machine learning models. The SHAP value

provides an overall interpretation of the machine learning models
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including a directional impact of each feature on the prediction
(i.e, a positive or negative impact on the probability of post-
surgical LVEF <50%) and a local interpretation at the patient
level (i.e., knowing how each feature contributes to an individual
prediction for each patient). This provides cutoff values that in a
larger sample size can comprise a risk score.

The relatively small sample size and the absence of an external
validation set is a limitation in this preliminary study, in addition
to the potential for overfitting in a small number of patients. To
address this, feature selection via LASSO (linear model) or recursive
feature elimination (machine learning models) reduces the number
of features and model complexity. To eliminate the potential
sampling bias and obtain a robust model performance, we iterate
the splitting, training, and testing process 100 times (i.e., using a
different testing patient set of n=8 vs. the training set of n=43),
and record the averaged model performance.

To demonstrate the limitation of regression analysis, we
employed univariate regression vs. multivariate regression for
LVEF, LVESD, LV sphericity index and LV mid circumferential
strain rate to predict LVEF <50%. Coefficients for univariate
regression with single features (Supplementary Table S3) produce
a similar pattern to machine learning, and the four features except
LVESD. Inclusion of the four features in a multivariate logistic
regression, the coefficients still produce similar patterns as
machine learning, however, all four features are no longer
significant (Supplementary Table S4). Supplementary Table S5
also shows the odds ratio of the top 4 and 8 features from the RF
model (Figure 3C). Therefore, multivariate logistic regression is
not adequate when multiple features are interacting in both linear
and nonlinear relations with the outcome. Consequently, the use
of machine learning models may provide a better method of
accurately assessing the contribution of linear and non-linear
features in predicting a post-surgical decline in LVEF < 50%. This
is depicted in a representative tree in the random forest
(Supplementary Figure S1) and variable dependence and partial
dependence plots (Supplementary Figure S2) that show that the
association of the top 4 features in the RF model are not linear to
the outcome (LVEF<50%). This underscores the analytical
benefits of a combination of regression and machine learning
models and the potential advantages of utilizing the latter (Figure 1).

The impetus for this study is the unreliability of an
echocardiographic LVEF >60% in the complicated context of
increased preload and facilitation of LV ejection in patients with
PMR. Machine learning and multiple testing most certainly
increase the risk of drawing a false-positive conclusion.
Nevertheless, the findings from this approach, in albeit a small
number of patients present a cogent argument for the
underpinnings of LV sphericity and mid LV circumferential strain
rate in the pathophysiology of PMR. Whether these, or any
combination of LV and biomarker features, can reliably identify
the need for surgery with better LV functional recovery can only
be confirmed in a longitudinal study that incorporates machine
learning and statistical models that capture both linear and non-
linear interactions in asymptomatic PMR patients with LVEF > 60%.
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Background: Calcific aortic stenosis (AS) is the most prevalent heart valve disease
in developed countries. The aortic valve cusps progressively thicken and the valve
does not open fully due to the presence of calcifications. In vivo imaging, usually
used for diagnosis, does not allow the visualization of the microstructural changes
associated with AS.

Methods: Ex vivo high-resolution microfocus computed tomography (microCT)
was used to quantitatively describe the microstructure of calcified aortic valve
cusps in full 3D. As case study in our work, this quantitative analysis was applied
to normal-flow low-gradient severe AS (NF-LG-SAS), for which the medical
prognostic is still highly debated in the current literature, and high-gradient
severe AS (HG-SAS).

Results: The volume proportion of calcification, the size and number of calcified
particles and their density composition was quantified. A new size-based
classification considering small-sized particles that are not detected with in vivo
imaging was defined for macro-, meso- and microscale calcifications. Volume
and thickness of aortic valve cusps, including the complete thickness
distribution, were also determined. Moreover, changes in the cusp soft tissues
were also visualized with microCT and confirmed by scanning electron
microscopy images of the same sample. NF-LG-SAS cusps contained lower
relative amount of calcifications than HG-SAS. Moreover, the number and size
of calcified objects and the volume and thickness of the cusps were also lower
in NF-LG-SAS cusps than in HG-SAS.

Conclusions: The application of high-resolution ex vivo microCT to stenotic aortic
valve cusps provided a quantitative description of the general structure of the
cusps and of the calcifications present in the cusp soft tissues. This detailed
description could help in the future to better understand the mechanisms of AS.

KEYWORDS

aortic stenosis, microstructural characterization, ex vivo imaging, microfocus computed
tomography, 3D histopathology
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1. Introduction

Calcific aortic stenosis (AS) is the most prevalent heart valve
disease in developed countries, as it affects about 29% of the
population over 65 (1). It is characterized by the thickening of the
aortic valve (AV) and is associated with the growth of
calcifications within the extracellular matrix of the valve cusps.
The preliminary stage of the disease corresponds to sclerosis, in
which the valve
calcification while the mobility of the cusps is considered normal.

is thickened and contains focal areas of

With time, the disease impairs the proper functioning of the valve
by decreasing its aperture. This results in stenosis, left ventricular
(LV) hypertrophy and finally heart failure. Advanced AS causes
clinical symptoms such as decreased exercise tolerance, syncope
and dyspnea (2, 3).

Severity of stenosis is evaluated based on in vivo parameters such
as the mean pressure gradient (MPG) across the AV, the AV area and
the peak aortic jet velocity. This is mostly measured using in vivo
ultrasound imaging, such as transthoracic two-dimensional and
Doppler echocardiography. This allows verification of the integrity
and motion of the valve and the blood flow parameters, respectively
(4, 5). However, several characteristics of AS remain unclear. For
instance, the complex mechanism resulting in calcifications is not
fully understood yet. Several studies suggest that calcifications arise
from a succession of events, involving endothelial damage, lipid
infiltration, inflammation, fibrosis and finally mineralization (2, 5-8).
However, no preventive treatment has successfully been applied to
slow down the AS progression (9, 10). Moreover, the spatial
distribution, size and shape of the calcifications have been scarcely
and inconsistently described, although they are the predominant
feature causing the AV narrowing (2, 11, 12). Refining the
pathogenesis of AS and of calcifications might thus open the way for
new treatment strategies. In addition to the presence of calcifications,
thickening of the cusps is also recognized as a major step in the
disease (13). Some rare studies mention the preferential thickening
and/or calcification of the non-coronary cusp compared to the other
two (7, 14, 15). However, current literature contains few studies
about the normal value of the AV thickness and the threshold
values for sclerosis and stenosis (14, 16).

To be able to better characterize the microstructure of heart
valves (i.e., the complex arrangement of the extracellular matrix
components at the microscale and the presence of calcification),
especially in case of stenosis, X-ray computed tomography (CT)
is a valuable solution. It has already been extensively used in
vivo (XCT) (17, 18) and ex vivo (microCT) (11, 19-21) to
image mineralized tissues. In the particular case of calcific AS,
it was used to quantify the volume fraction of calcification and
to demonstrate the correlation between the aortic valve calcium

10.3389/fcvm.2023.1129990

score and the hemodynamic parameters obtained from Doppler
echocardiography both in vivo and ex vivo (17, 19). However,
despite being successfully used to define the severity of AS, with
a better accuracy than echocardiography alone (17, 22-24),
microCT  has been

high-resolution applied to

quantitatively compare the microstructural properties and

never

composition of the valve and of the calcifications in different
diagnosis groups of AS.

The aim of this study was to obtain a quantitative description
of the microstructure and composition of calcified AV cusps using
high-resolution microCT, for a better understanding of the
calcification mechanism within the AV. In addition to the
volume proportion of calcification, which is usually obtained
from microCT, we examined the calcifications in terms of size,
amount, number of particles and density composition. Changes
in the soft tissues of the cusp were also described. Finally, our
imaging technique was applied to different clinical diagnoses of AS.

2. Materials and methods
2.1. Description of AS severity

The severity of AS is evaluated based on echocardiographic
parameters. High-gradient severe AS (HG-SAS) corresponds to
MPG > 40 mmHg, AV area <1 cm” and peak aortic jet velocity
>4 m/s while moderate AS is defined by MPG < 40 mmHg, AV
area > 1 cm® and peak aortic jet velocity from 2 to 4 m/s (25).
However, some intermediate cases exist, as described in Table 1.
This study contains three diagnosis groups: HG-SAS, moderate
AS, and normal-flow low-gradient severe AS (NF-LG-SAS).

2.2. Patient selection

Patients were selected, as described in Boulif et al., (23), after a
diagnosis of NF-LG-SAS, moderate AS or HG-SAS. AS caused by
radiotherapy or irradiation were part of the exclusion criteria.
For this retrospective study, only 14 patients for whom the
number of samples collected at surgery was equal to three cusps
per valve, were included. Among them, 5 were diagnosed as NF-
LG-SAS, 2 as moderate AS and 7 as HG-SAS. One non-stenotic
aortic valve cusp was included as non-calcified sample. It was
provided by the donor bank and not used for transplantation
because of a subtle commissural fusion. The study protocol was
approved by the local ethical committee (2014/2INOV/560 and
2021/13JAN/014) and all patients gave informed consent prior to
inclusion into the study.

TABLE 1 Classification of AS with reduced AV area opening (<1 cm?) based on parameters measured in vivo using ultrasound imaging, according to (2, 26).

‘__ High-gradient (MPG > 40 mmHg) Low-gradient (MPG <40 mmHg)

Normal-flow (SVi > 35 ml/m?)
Low-flow (SVi < 35 ml/m?)

Preserved LVEF (> 50%)
Preserved LVEF (> 50%)
Reduced LVEF (< 50%)

High-gradient severe AS (HG-SAS)
High-gradient severe AS (HG-SAS)
High-gradient severe AS (HG-SAS)

Normal-flow low-gradient severe AS (NF-LG-SAS)
Paradoxical low-flow low-gradient severe AS (PLG-SAS)
Classical low-flow low-gradient AS

AS, aortic stenosis; LVEF, left ventricular ejection fraction; MPG, mean pressure gradient; SVi, stroke volume index.
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2.3. High-resolution microfocus X-ray
computed tomography imaging

All samples were preserved at —80 °C until sample preparation.
They were thawed at room temperature and slightly dried on a
paper tissue. Then, they were mounted in a sample holder,
including a borosilicate bead to normalize the gray values in the
reconstructed images. All samples were imaged using a Phoenix
Nanotom M (GE Measurement and Control Solutions, Germany)
equipped with a 180 kV/15 W energy nanofocus X-ray tube and
a diamond-coated tungsten target. The voxel size was 14 pm. For
one NF-LG-SAS cusp, zoom images at two different spatial
resolutions were performed after cutting a region of interest from
the sample. All acquisition and reconstruction parameters are
listed in Table 2.

All microCT datasets were reconstructed with the Datos|x
software (GE Measurement and Control Solutions, Germany) and
exported as XY slices (.tiff). For one sample, an in-house developed
MATLAB (The MathWorks, Massachusetts, USA) script was used
to convert the 16-bit slices (.tiff) to 8-bit slices (bmp), while
simultaneously normalizing the histogram range to the dynamic
range of the dataset. All the other datasets were normalized to that
one using a second in-house developed MATLAB script with the
borosilicate bead and the sample holder as reference materials.
MATLAB scripts are available on github (27, 28).

2.4. Image segmentation and structural
analysis of the entire cusp

For each dataset, the valvular tissue was segmented from the
background using Avizo (Thermo Fisher Scientific, Bordeaux, France).
Briefly, a region-of-interest was defined to remove the sample holder,
and the cusp was then binarized using a manually selected threshold
(25-255). For this, CTAn was used (Bruker MicroCT, Kontich,
Belgium). Then, a closing step was performed to remove the small
holes (square of size 5) and 3D analysis was performed (i.e., volume
and thickness distribution, 3D analysis module) on the entire cusp
(including both soft tissues and calcifications).

TABLE 2 Microct acquisition and reconstruction parameters, cusp N4.1
corresponds to the NF-LG-SAS cusp that was imaged at two higher
resolutions after the selection of a region of interest.

s Cusp Na.

Voxel size (um) 14 5 1.2
Filter material 0.5 mm Al 0.5 mm Al 0.5 mm Al
Source voltage (kV) 90 90 90
Tube current (puA) 400 230 170
Exposure time (ms) 500 500 1,250
Tube focus mode 0 0 1
Number of images 800 1,600 1,600
Average 1 3 3
Skip 0 1 1
Fast scan mode Yes No No
Acquisition time (min) 6’40” 57’ 2h17
Beam hardening correction 9 9 9
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2.5. Image segmentation and structural
analysis of calcifications

Within the entire cusp, the calcifications were segmented using
a multilevel Otsu segmentation (3 levels, CTAn). To have the same
threshold values for all samples, the mean from the multi-level
segmentation was selected (i.e., 75+4.05, 139+6.11 and 197 +
594 for low, moderate and high density, respectively) and
applied to all samples. The volume fraction of all calcifications
within the cusp (all densities included, gray values from 75 to
255) was quantified (CTAn). All voxels identified as calcification
(no distinction of density) and connected to each other were
defined as one calcified particle (labeling module from Avizo).
All particles of 10 voxels or less were not considered. The
number of calcified particles and their volume were then
computed. Three categories of volume were defined. The first
category corresponds to particles up to 1 x 107> mm?>, the second
one includes particles from 1x107>mm® to 1 mm’ and the
third category contains particles from 1 mm? and above. Then,
to compensate the partial volume effect (PVE) observed when
segmenting the calcifications with different densities, an in-house
protocol developed (CTAn). First, the
calcifications (HD, gray values 197-255) were segmented. This

was high-density
volume was dilated by two voxels and removed from the entire
cusp. Then, the moderate and low-density calcifications were
139-255 and 75-255
respectively). Additionally, an opening step (square of size two)

successively segmented (gray values

was performed on both selections (MD and LD). Finally, each of
the three selections (HD, MD and LD) were individually dilated
by one voxel to compensate the volume loss and the final
volumes were quantified for each density. This PVE correction
resulted final of 11.02% *1.47%
(Supplementary Figure S1), but eliminated wrongly assigned

in a volume loss
edge voxels of calcifications to another density class. 2D and 3D

renderings were performed using Avizo.

2.6. Scanning electron microscopy (SEM)
imaging

The region of interest cut from sample N4.1, and previously
imaged at higher resolution with microCT, was embedded in
paraffin in a home-made cylindrical shape holder. It was then
cut with a micro-precision saw (Accutom 50, Struers LLC, USA)
at the specific location determined based on the high-resolution
microCT data. After mounting on a SEM holder, the top surface
was sputtered with gold to make the sample conductive. The
images were generated with the backscattered electron detector
on the Ultra 55 FEG SEM (Zeiss, Germany) at a voltage of 15 kV.

2.7. Statistical analysis

GraphPad Prism 9 (GraphPad Software, California, USA) was
used for the statistical analysis and data visualization. To compare
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the NF-LG-SAS and HG-SAS groups, Mann-Whitney tests were
performed for each structural parameter. Depending on the
normality of the datasets, correlations were evaluated with
Pearson or Spearman tests. To assess the effect of the diagnosis
and of the density on the volume quantified for each density
calcification, a multiple 2-way ANOVA test was performed.
p-values below 0.05 were considered to be significant; *: p <0.05,
**: p<0.01, ¥*: p<0.001 and ****: p <0.0001. In the bar graphs,
the mean value of the different samples is indicated by the
height of the bars. Error bars represent the standard deviation
and the individual datapoints are given.

3. Results

3.1. Ex vivo microCT provides the 3D spatial
localization of calcifications and reveals that
the volume fraction of calcification is
significantly lower in case of NF-LG-SAS
than in HG-SAS

The volume fraction of calcification present in the soft tissues of
calcified AV cusps explanted from human patients was computed
both per valve and per cusp, based on ex vivo microCT images
(Figure 1). First, we were capable of assessing the spatial
distribution of the calcifications. Although calcifications are
sometimes described as extrinsic (11), the 3D visualization
obtained in our work demonstrated that calcifications were located
inside the cusp soft tissues, with some rare particles visible on the
subendothelial surface. They were mainly located on the adherent
edges of the cusp, along the attachment to the anulus, while for
the most calcified samples, not only the edges of the cusp were
calcified, but the midportion of the cusp, between free and
adherent edges, was affected as well (Figures 1A-F). Then, the
volume fraction of calcification was assessed. It ranged from 9.8%
to 50.9%, which demonstrates the wide variation among patients,
but also among the three cusps of the same patient (Figure 1G).
The volume fraction was significantly lower for the NF-LG-SAS
cusps than for the HG-SAS ones (Figure 1H). The volume
fraction of calcification was correlated with the mean pressure
gradient across the AV. This correlation was stronger when both
NF-LG-SAS and HG-SAS groups were considered compared to
each group taken individually (Figure 1I). While the severity of
NF-LG-SAS is still under discussion, in this case, most of the
samples corresponding to NF-LG-SAS had a lower relative
amount of calcification than the moderate AS samples. Since only
2 patients (corresponding to 6 cusps) had a moderate AS
diagnosis, they were excluded from the statistical analyses.

3.2. The number and size of the particles
constituting the calcifications is related to
the severity of AS

Apart from a volumetric assessment of the calcifications, this
study aimed at structurally describing the calcifications present in
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the cusp in an effort to investigate calcification formation
mechanism. A calcified particle was defined as a cluster of voxels
previously identified as calcification and connected to each
other (Figures 2A,B). A significantly higher number of particles
per volume unit were present in case of HG-SAS than in
NEF-LG-SAS (Figure 2D). Although the absolute volume of the
largest particle in HG-SAS cusps was significantly higher than in
NEF-LG-SAS cusps (Figure 2E), for all cusps, it represented more
than 50% of the calcification volume present in the sample
(Figure 2C). The classification of the particles in three categories
according to their size demonstrated that the increased number
per volume unit observed in HG-SAS was mainly due to the
presence of many small-sized particles (Figures 2F-H). Indeed,
NE-LG-SAS cusps and HG-SAS cusps contained on average 157
and 519 first category
(corresponding to particles up to 1x 107> mm?®). In the second

particles, respectively, in the
category (from 1x 107> mm® to 1 mm?), these numbers dropped
to 27 and 79, respectively, and the third category (from 1 mm?’
and above) only contained on average two particles for both NF-
LG-SAS and HG-SAS diagnoses (Figures 2F-H). Consequently,
both the number of particles per volume unit and the size of the
largest particle were increased in case of HG-SAS. Moreover, the
difference in the number of particles mainly relied on the
quantity of the smallest ones, while the largest particles were
equally present for both diagnoses.

3.3. Ex vivo microCT allows to distinguish
and quantify different densities in the
calcifications, but they did not differ
between the different diagnosis groups

In addition to the number of calcified particles, we also
investigated the density composition of the calcifications. The
visualization of the calcifications in normalized gray scale allowed
the distinction of different densities that were divided into three
categories corresponding to low, moderate and high density
(Figure 3). The spatial distribution of densities within the
calcifications was highly heterogeneous for both NF-LG-SAS and
HG-SAS diagnoses (Figures 3A,B and Supplementary Movie S1).
The high-density calcifications had the highest relative volume in
all cusps, while low- and moderate-densities were less, but equally,
present (Figure 3C). The volume fraction of each density group
could not be used to discern the NF-LG-SAS from the HG-SAS
diagnosis groups. Both the diagnosis and the density groups had a
strong effect on the absolute volume quantified for each density
group (Figure 3D).

3.4. Cusp volume and thickness correlate
with the degree of calcification

Calcific AS is not only characterized by the growth of
calcifications within the cusp of the AV, but it is also associated
with valve thickening and an increased cusp volume (Figure 4).
The simultaneous visualization of the calcifications and the
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Quantification of the volume fraction of calcification per cusp and per valve. (A—F) Photographs and microCT-based 3D renderings of the three cusps for
patient N1, diagnosed with NF-LG-SAS (A-C) and patient H5, diagnosed with HG-SAS (D-F). For the 3D renderings, soft tissue is shown in red and
calcification in white. Scale bars =5 mm. (G) Volume fraction of calcification for each cusp (dark blue) and for the entire valve (light blue). Arrows
indicate the samples illustrated in (A—F). (H) Bar graph comparing the mean volume fraction of calcification for the NF-LG-SAS and HG-SAS groups.
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M, moderate AS; H, HG-SAS, ****: p-value < 0.0001

thickness of the cusps revealed that the thickest area of the cusp
4A
Supplementary Movie S2). While the mean thickness of the NF-

corresponds to the large

calcifica
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LG-SAS and the HG-SAS cusps was about 1.6 mm and 2.2 mm
respectively, the mean thickness of the non-calcified cusp was
about 0.7 mm. The presence of a higher amount of calcification,

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1129990
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Pestiaux et al.

10.3389/fcvm.2023.1129990

A IR

5] Cusp H5.2

FIGURE 2

the largest particle

C 60n NF-LG-SAS
B HG-SAS
°
X
s 'S
2 T 40
© o 40 ® ® e
o= °
< 8 . '.;
2¢ .
5L o b [ )
= ® 20+ L ®
o 3 20 ° P
> W
o
o | | L] L] | |
0 1050 60 70 80 90 100
Percentage volume of the largest particle (%)
D E F G H
3 3001 e - N 200+ ® 6
» * 4ok ® ) Fa) *okokk )
K ° o * kKK o o
S ° - & 1000 H > oe 2 .
EE e 9E g e g
ig SE g © gwl | . 3
- =2 8 g 2004 £ £ £49 o
2% 23 8 8 8
2o bl S S 1007 ¢ S .
8 E e 5 3 AR
53 4] EE1oo- & o0 = 22
= > 3% "6 '6 -.6
S5 S 2 e o 50 o
€ o > S [ 3 [
S Ke) K] K] el
3 E £ E
=] = =
o 0 zZ o Z . Z .
N H N H
Diagnosis Diagnosis Diagnosis Diagnosis Diagnosis

Quantification of the number and volume of calcified particles. (A,B) 3D renderings of the cusp N1.1 (A) and cusp H5.2 (B). Clusters of voxels identified as
calcification and connected to each other are considered as one particle and displayed in the same color. Colors of particles are independent of any
morphometrical quantification. Soft tissue is shown in red. A magnification (white square) is shown in the inset. Scale bars =5 mm for the overview
images and 1 mm for the inset. (C) Percentage volume of the largest particle in function of the volume fraction of calcification present in the cusp for
the NF-LG-SAS samples and the HG-SAS samples. (D—H) Bar graphs comparing the number of calcified particles per volume unit (D), the volume of
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groups. N, NF-LG-SAS; H, HG-SAS, ***: p-value < 0.001, ****: p-value < 0.0001.

such as in HG-SAS samples, resulted in a significant increase of
the cusp thickness and volume, compared to the NF-LG-SAS
group (Figures 4B,C). Moreover, the volume proportion of the
cusp that still has a thickness corresponding to a healthy valve,
defined by the mean thickness of the non-calcified cusp
(0.7 mm), was significantly different between NF-LG-SAS and
HG-SAS diagnoses. On average, 13.9% of the cusp volume
from NF-LG-SAS samples and 7.0% from HG-SAS samples still
had a normal thickness (< 0,7 mm). The volume proportion of
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the non-calcified cusp with a thickness below 0.7 mm was
equal to 64.6% (Figure 4D). This suggests that the cusp
continues to thicken as the mineralization progresses. Both the
thickness and volume were correlated with the volume fraction
of calcification present in the cusp (Figures 4E,F). Unlike gross
evaluation-based studies, imaging the samples in 3D at high
spatial resolution provided the full distribution of the thickness
along the cusp (Figure 4G), allowing the observation of local
variations.
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Distinction of three levels of density within the calcifications. (A,B) Ortho-slices in gray scale

(top left) and after segmentation (bottom left) and 3D

renderings (right) for cusp N1.1 (A) and cusp H5.2 (B). Low-density is shown in orange, moderate-density is shown in blue and high-density is shown
in purple. Soft tissue is shown in dark gray on ortho-slices and in red on 3D renderings. Scale bars =5 mm. (C) Volume fraction of each density group
within the calcification for every cusp. (D) Box plots comparing the impact of the diagnosis within a density group, as well as of the density within a
diagnosis group on the absolute volume of each density group. *: p-value < 0.05, **: p-value < 0.01, ***: p-value <0.001, ****: p-value <0.0001, N,
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Quantification of the volume and thickness of the entire cusp. (A) 3D renderings (top) of the control cusp, sample N1.1 and H5.2 and ortho-slices (bottom)
showing simultaneously the calcifications and the thickness values at three heights corresponding to the blue lines in the 3D renderings. For the 3D
renderings, soft tissue is shown in red and calcification in white. Scale bars =5 mm. Thickness is represented by the color scale bar. (B—D) Bar graphs
comparing the mean thickness of the entire cusp (B), the volume of the entire cusp (C) and the volume proportion of the cusp with a thickness
below 700 pm (D) for the NF-LG-SAS and HG-SAS groups. The horizontal line indicates the value for the control cusp, not shown on D for clarity
(corresponding to 64.6%). (E,F) Correlations between the volume fraction of calcification and the mean thickness of the entire cusp (E) and the
volume of the entire cusp (F), respectively. Dotted lines indicate the 95% confidence bands. (G) Average histogram of the thickness distribution in
terms of volume proportion for the control cusp, the NF-LG-SAS and HG-SAS cusps. N, NF-LG-SAS; H, HG-SAS, **: p-value <0.01
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3.5. Ex vivo high-resolution imaging
revealed micro-sized calcifications

Another indication of pathology was also visualized by changes
in the gray values of the soft tissues surrounding dense
calcifications (Figure 5). Although being recognized as more
attenuating areas, they were not identified as calcifications due to
the limited spatial resolution and the partial volume effect
(Figure 5A). Higher resolution imaging performed with microCT

10.3389/fcvm.2023.1129990

provided more accurate visualization of the dense calcification
and of surrounding tissues, but it did not allow to distinguish
individual micro-sized particles (Figures 5B,C). Only the SEM
examination revealed that the more attenuating areas actually
correspond to clusters of small calcification islets in the vicinity
of dense calcifications (Figures 5D,F and Supplementary Movie
§3). The composition analysis obtained from EDX proved that
main and micro-sized calcifications were composed of calcium
and phosphate while carbon was located in the surrounding soft

EHT = 15.00kV
Mag= 451X

Signal A= AsB 20 pm

WD = 42mm

18 Jul 2022
11:17:50

‘calific_06
'SE MAG: 1000 x HV: 18,0 AV WD: 0 mm

FIGURE 5

Visualization of soft tissue changes next to dense calcifications in sample N4.1. (A—D) Ortho-slices from ex vivo microCT obtained with different voxel
sizes: 14 pm (A), 5pum (B) and 1.2 um (C). Scale bars = 0.5 mm. White squares correspond to the location of magnification. (D—F) SEM images with
accumulation of particles within a dense calcification (E) and visualization of micro-sized particles in the soft tissue (F) obtained with backscattered
electron detector, and different magnifications: x168 (D), x451 (E), and x609 (F). Solid black square and dotted white square in D correspond to the
location of magnifications in the dense calcification and in soft tissues, respectively. (G) EDX analysis obtained at the border between the soft tissue
and the dense calcification demonstrating that dense and micro-sized calcifications are composed of Calcium and Phosphate, while soft tissue is

composed of Carbon.
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tissues (Figure 5G). The micro-sized particles present in the soft
tissues were mainly visualized in the least calcified samples. In
addition to the observations made within the soft tissues, SEM
also allowed to visualize the accumulation of small particles
within dense calcifications (Figure 5E).

4. Discussion

In this study, a quantitative structural description of both the
entire cusp and the calcifications was obtained using ex vivo
microCT. The clear visualization of the cusp and the distinction
of calcifications from the soft tissues allowed the quantification
of several structural parameters, such as the volume fraction of
calcification, the number and volume of calcified particles, and
the distinction and quantification of the amount of different
densities within the calcification in full 3D. Moreover, the
volume and thickness of the entire cusp could be quantified, and
changes in the soft tissues were observed, demonstrating the
alteration of the extracellular matrix of the cusp. The
observations and hypotheses of this study have been illustrated in
a summary scheme (Figure 6). This structural characterization

10.3389/fcvm.2023.1129990

has the capability to provide a better description of the
microstructural changes due to AS.

In vivo computed tomography and ex vivo microCT are two
well-known X-ray-based techniques to visualize mineralized
tissues (24, 29). In vivo, the degree of AV calcification is usually
used in atypical cases of aortic stenosis (if hemodynamic and
anatomic parameters are controversial). It is evaluated by the
Agatston score (based on density weighting) or, less frequently,
the calcium volume score (based on the volume quantification)
(30). Both electron-beam computed tomography (EBCT) and
multidetector computed tomography (MDCT) have been used to
quantify AV calcification in vivo. Although EBCT was the first
modality to have a sufficient temporal resolution to image the
heart, MDCT, which was developed more recently, has a better
signal-to-noise ratio and spatial resolution (31-33). These are two
important parameters allowing the exclusion of non-valvular
calcifications in the examination. In comparison with the
microCT method presented in this study, in vivo techniques are
used with a totally different purpose of diagnosis and
quantification of the degree of calcification to assess the need for
heart valve replacement. Although ex vivo microCT does not
provide radiodensity measures in standardized units (Hounsfield
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Summary scheme. (A) illustration of the hypothesis about the evolution of a cluster of small calcification islets into dense calcifications over time. Large
calcifications correspond to the accumulation of small particles. (B) comparison of the two patterns of calcification. The calcifications are present in
higher relative amount and the cusp is thicker in the HG-SAS group than in NF-LG-SAS. In the less calcified samples, the calcifications are mainly
located at the adherent edges of the cusp, while for the most calcified samples, the midportion of the cusp is affected as well. The absolute volume
of the largest calcified particle is higher in the HG-SAS group than in NF-LG-SAS, but it corresponds to at least 50% of the total calcification volume
in all cases. The macroscale particles are present in equal number in both groups while the meso- and microscale particles are both present in
higher number in the HG-SAS groups than in NF-LG-SAS. The calcification density is evenly heterogeneous in both diagnosis groups (illustrated by
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units used in clinical CT), which requires advanced calibration of
the equipment, it produces high-resolution images. In comparison
with in vivo CT approaches, for which the voxel's largest
dimension corresponds to the 3mm-slice thickness, in this study,
microCT has an isotropic voxel size of 14 um. It enables the
extraction of detailed microstructural information of explanted
samples that could not be collected without organ removal and
high radiation dose. Ex vivo microCT could be used in a
multiscale manner in combination with for example MDCT to
provide complementary data and better characterize AV
calcifications.

Ex vivo microCT is thus an already described tool that provides a
detailed visualization of the AV cusps and an accurate quantification
of the amount of calcification present in the soft tissues in case of
calcified AS (11, 19-21). Nevertheless, the mean volume of
calcification obtained in our study, in average 316 mm° per valve,
is lower than the value published previously, which was 600 mm?
(19). This difference might be explained by the amount of tissue
collected during surgery and by different imaging strategies: (i)
imaging per cusp in our case and the valve as a whole in the
previous one, (ii) use of different voxel size (14 um and 76 pm,
respectively for our study and the study of Chitsaz et al.).

Our results demonstrated that it was possible not only to
quantify the volume fraction of calcifications, but also to describe
their 3D spatial distribution. Although the spatial distribution of
the calcifications among the cusp does not correspond to a clear
pattern, most of the calcification cores have an attachment to the
adherent edge of the cusp, along the insertion to the aortic wall,
while the free edge is usually free of calcification. This is
especially visible in the less calcified samples and confirms what
was reported before (6, 11). As the calcification increases, the
midportion of the cusp becomes affected as well. Although
Orzechowska et al. reported that minerals were mainly present
on the surface of the cusp and corresponded to extrinsic
mineralization, our data clearly shows that calcifications are
mostly located inside the cusp (11).

We showed a variation in the volume fraction of calcification
among the three cusps from a single valve, which suggests that
they are affected differently by the disease. This confirms the
results from Raman spectroscopy previously performed on one
valve (15). Current literature often describes one cusp that would
be especially more calcified than the other two, identified as the
non-coronary cusp (7, 14, 15). The preferential growth of
calcifications in one of the histological layers, identified as the
fibrosa layers, located on the aortic side of the cusp, has also
been mentioned (2, 7, 8). Nevertheless, such identification was
not possible in our study because the true anatomy of the cusps
and their in vivo position was not indicated during excision.
Interestingly, both the non-coronary cusp, which is deprived of
coronary artery, and the aortic side of the cusp are thought to be
prone to decreased shear stress compared to the other two cusps
and to the ventricular side of AV, respectively. Shear stress is
therefore a determinant parameter in the initiation of AS. It is
described as a continuous stimulus for the endothelium that
should inhibit pathological changes such as calcifications,
however without direct proof (2, 7, 34). The distinction of the
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three cusps and their orientation (i.e ventricular and aortic sides)
could help to validate and to better understand the role of shear
stress. We therefore recommend to use a systematic annotation
of the cusps during surgery for future studies, which could easily
overcome this limitation. The application of the detailed analysis
presented in this study to bicuspid aortic valves might provide
more information regarding the role of the shear stress in the
calcification mechanism. Moreover, to fully characterize the
process of calcification growth, it would have been necessary to
include samples at an earlier stage of the disease.

Using high resolution ex vivo microCT, the volume of
calcifications can be quantified, but they can also be clearly
visualized. Unlike in vivo and/or low-resolution imaging, the
technique presented here permits the observation of small-sized
calcified particles, which are a key element to understand the
Indeed,
calcified particles can be interpreted as onsets of calcifications.

formation of larger size calcifications. small-sized
Our results showed that all AS samples contain one or two main
calcified particles and that some onsets of calcifications are
present in a variable amount. As the calcification increases, both
the volume of the main calcified particles and the number of
onsets of calcifications rise. This quantitative structural analysis
could reveal different phases of AS. From this perspective, the
first pattern (one or two relatively small main calcified particles
and some onsets of calcifications) defines a quiescent form of
valvular disease and the second one (one or two large calcified
particles and many onsets of calcifications) corresponds to an
active form of AS. In the second case, the numerous onsets of
calcifications are expected to evolve quickly into larger calcified
particles, which would further hinder the opening and closing of
the valve and, consequently, the proper functioning of the heart.
The distinction of such onsets of calcification could reveal the
initial location of calcifications and help to determine the link
between calcification growth, blood flow and shear stress. The
inability of in vivo imaging to identify the small-sized particles,
although they are present in high number and correspond to
onsets of calcifications, highlights the need for high resolution ex
vivo imaging when investigating the calcification mechanisms
resulting in AS. The presence of calcified particles of different
sizes in AS cusps was previously described by Razzolini and
colleagues. As they performed a macroscopic evaluation, the size
threshold used was 4 mm. Calcified particles were named
microaggregates (below 4 mm) or macroaggregates (above 4 mm)
(12). According to our results, we propose a new nomenclature
based on ex vivo high-resolution imaging such as microCT.
Macroscale calcifications are defined by a volume of 1 mm® or
above, microscale calcifications have a volume below or equal to
1x10~> mm® and, in between these two categories, calcified
objects are qualified as mesoscale calcifications with a volume
from 1x 107> to 1 mm>. Our examination reveals that both the
volume of the largest macroscale calcification and the number of
micro- and mesoscale calcifications are increased when the
proportion of calcification rises.

In addition to the number and size of calcified particles,
different normalized gray values were also distinguished within
the calcifications. The distinction of different densities within the
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calcifications was demonstrated in a previous study (11). However,
previous studies did not assess the spatial distribution of densities
in 3D and did not link it to the clinical diagnosis of the pathology.
In our study, the examination of the spatial distribution for each
density group confirms the

Orzechowska et al. However, it does not demonstrate that small-

heterogeneity ~observed by

sized calcifications are particularly less dense than the larger ones
or whether they would evolve into high-density calcifications.
Cusps with a less advanced stage of AS should also be analyzed
to better understand the presence of different densities within the
calcifications. We foresee potential applications in animal models,
such as the Reversa mice model (35), allowing the analysis at
different time points.

To investigate the changes in thickness of the cusps due to AS, in
vivo ultrasound imaging is mostly used (14) or ex vivo gross
evaluation is performed (36). However, the absolute volume of the
individual cusps is rarely assessed due to technical limitations. The
3D imaging technique that we present here provided quantitative
values for the volume and the mean thickness of the cusp.
Moreover, the full thickness distribution, including local variations,
could also be quantified. It allowed us to observe that the thickened
areas correspond to the location of large calcifications. As
thickening is recognized as a precursor sign of AS, local thickening
of the cusp might be an indication for future calcifications (13, 14).
Moreover, we also assessed the thickness distribution of a non-
calcified cusp, whereas this information is scarcely available in the
current literature. Studying the volume and thickness distributions
of both healthy and calcified cusps would provide a better
description of the native structure of the valve and would help to
determine precise thresholds for pathological variations. Since
thickening is an indication for tissue remodeling, this quantification
might also be used to detect an abnormality within the soft tissues
and to indicate a region-of-interest for further investigations.

In addition to the change in thickness and volume of the cusp,
we were also capable of visualizing changes in the soft tissues of the
AV cusp with the presence of more-attenuating areas corresponding
to micro-sized particles in the extracellular matrix. Initial
visualization obtained with microCT allowed to locate a region of
interest that could be investigated at higher resolution with
microCT and, as demonstrated on one sample in our case, with
other imaging modalities, such as SEM. Although microCT did
not allow to visualize individual particles, it was used to indicate
where the sample should be cut to be imaged with SEM. SEM
images revealed that the previously defined region of interest
contained small calcification islets located next to dense
calcifications. This area would correspond to the location of future
dense calcifications. Two different processes have been previously
described to explain the formation of calcifications (2, 37). First,
the osteogenic process is initiated by the differentiation of valvular
cells into osteoblast-like cells. In this case, a highly organized
bone-like mineral matrix is the basis for the nucleation of
minerals. The second process is an apoptotic process of the
valvular interstitial cells that is promoted by several stimuli and
results in apoptotic cell aggregates. They consist of amorphous
deposits of calcium and phosphorus crystals. The visualization of
extracellular matrix changes such as the ones shown in our results,
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before the formation of dense calcifications, could help to better
describe these two processes and to clarify their role in the
calcification formation. Moreover, assessing the microstructure of
extracellular components around these onsets of calcification could
provide a detailed description of the remodeling associated with
cusp thickening and calcification growth, such as excessive
production and disorganization of collagen fibers (2, 7).

As case study in our work, the quantitative structural analysis we
performed was applied to two patient groups: NF-LG-SAS and HG-
SAS to determine whether they were structurally different from each
other and to evaluate whether ex vivo microCT could be used to
better understand the particular case of NF-LG-SAS diagnosis.
The medical prognosis of NF-LG-SAS is still under discussion and
it is still not clear whether NF-LG-SAS is a truly severe AS, as
calcified as HG-SAS or whether it is an intermediate stage of AS
in which calcifications will still increase and result in high pressure
gradient (26, 38-42). The summary scheme outlines the main
differences observed between the two diagnosis groups
(Figure 6B). First, our quantification of the calcification volume
demonstrated that NF-LG-SAS cusps were less calcified than the
HG-SAS ones. In case of HG-SAS, the main calcified particle was
significantly larger than that of NF-LG-SAS and the onsets of
calcifications were more numerous, thus corresponding to an
active form of AS. However, due to the low number of samples
included in our study, it was not possible to determine whether
the diagnosis alone could explain the different patterns of
calcification (one or two relatively small main particles and few
onsets of calcification vs. few large main particles and many onsets
of calcifications) or whether the two patterns could be observed in
each patient group. The quantification of the volume and spatial
distribution of the
calcification did not permit to distinguish specific characteristics
for NF-LG-SAS compared to HG-SAS. The thickness and volume
of NF-LG-SAS cusps were significantly lower than those of HG-
SAS. Consequently, all the structural parameters quantified in our

different densities observed within the

work support several previously published studies that evaluate
NEF-LG-SAS as a less advanced AS progression than other severe
AS cases (39, 42-46). Since AS classification contains several
controversial subgroups, the imaging approach described in this
study could be used to better characterize and understand each AS
phenotype.

The technique presented in this study presents some limitations.
The need for ex vivo imaging to obtain high-resolution images
prevents the possibility for time-lapsed follow-up of the calcified
cusps. This would help to investigate the evolution of the amount
and spatial distribution of calcifications, the evolution of the
calcified particles, as well as the different densities within
the calcifications. It could also validate that changes observed in
the extracellular matrix of the cusp correspond to future dense
calcifications. Moreover, tissue shrinkage was observed on sample
N4.1, which underwent longer scan time (more than 3 h in total).
This could be
environmental stage to control the scanning atmosphere. Although

limitation easily overcome by wusing an
our study allowed to distinguish different densities within the
calcification based on normalized grey values, it was not possible

to determine true density values. This would require the use of
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reference materials with known density. As mentioned previously,
our conclusions were also limited by the number of cusps and the
absence of cusps affected by an earlier stage of AS.

As the technique presented here is non-destructive, it can be
combined with other imaging modalities to investigate the
components of the extracellular matrix. For instance, it was used as
a preliminary imaging step to indicate where to cut the sample for
SEM analysis. It could also be done prior to classical 2D histology,
which could help to describe the endothelial damage, lipid
infiltration, inflammation and fibrosis preceding mineralization. It
was not possible in this study to combine both SEM imaging and
classical 2D histology after microCT because the sample was
embedded in paraffin in a home-made cylindrical sample holder
and covered with gold. As a future perspective, we are convinced
that combining ex vivo microCT with high-atomic number
contrast-enhancing staining agents (CESAs), corresponding to
contrast-enhanced computed tomography or CECT, could allow
the visualization of the different histological layers in the cusp. This
technique can also be applied in cryogenic conditions,
corresponding to cryo-CECT, which was successfully used to
perform histopathological analysis of entire mouse hearts (28).
Such 3D imaging techniques have the potential to better define the
microstructure of the extracellular matrix of healthy aortic valve
and the disorganization induced by AS. Unlike classical 2D
histology, they do not require any demineralization step. It could
for example validate the preferential growth of calcifications within
the fibrosa layer or the presence of neovascularization in case of
AS (2, 47). It could also be used to quantify the excessive
production of collagen fibers associated with the cusp thickening.

5. Conclusion

In conclusion, we used high resolution ex vivo microCT to
provide a new quantitative description of the general structure of
calcified cusps in case of AS and of the calcifications present in
the cusp soft tissues. In the future, the results presented here can
be used to further improve in vivo imaging protocols and the
interpretation of clinical data. The detailed description of the
stenotic AV cusps provided in our results could also help to
better understand the mechanism of AS.
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SUPPLEMENTARY FIGURE 1

Partial volume effect (PVE) correction for each density group. A-B:
ortho-slices of sample N1.1 showing the classification of
calcification into low, moderate and high-density before (A) and
after (B) the PVE correction. C: absolute volume of each density
group within the calcification for every cusp. Two bars are given for
each cusp, before PVE correction (left) and after PVE correction
(right).
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and 3D renderings (left) of cusps N11 and H5.2. The horizontal white lines
present in the 3D renderings correspond to the location of the ortho-slices.
Soft tissue is shown in dark gray on ortho-slices and in red in the 3D renderings.

SUPPLEMENTARY MOVIE S2

Thickness distribution in 3D in cusps N1.1 and H5.2. Soft tissue is shown in
red and calcification in white. The thickness distribution is shown on the
ortho-slice progressively cutting the 3D renderings and is represented by
the color scale bar.
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Visualization of micro-sized calcifications on microCT ortho-slices
successively obtained at a voxel size of 14 pm, 5 ym and 1.2 pm. In the 3D
renderings, the location of the ortho-slice is shown by the orange line,
soft tissue is shown in red and calcification in white.

19. Chitsaz S, Gundiah N, Blackshear C, Tegegn N, Yan KS, Azadani AN, et al.
Correlation of calcification on excised aortic valves by micro-computed tomography
with severity of aortic stenosis. J Heart Valve Dis. (2012) 21(3):320-7. PMID:
22808832.

20. Mazur P, Wypasek E, Gaweda B, Sobczyk D, Kapusta P, Natorska J, et al. Stenotic
bicuspid and tricuspid aortic valves: micro-computed tomography and biological indices
of calcification. Circ J. (2017) 81(7):1043-50. doi: 10.1253/circj.CJ-16-1166

21. Solache-Berrocal G, Barral-Varela AM, Areces-Rodriguez S, Junco-Vicente A,
Vallina-Alvarez A, Corte-Torres MD, et al. Correlation of micro-computed
tomography assessment of valvular mineralisation with histopathological and
immunohistochemical features of calcific aortic valve disease. J Clin Med. (2019) 9
(1):29. doi: 10.3390/jcm9010029

22. Awtry E, Davidoff R. Low-flow/low-gradient aortic stenosis. Circulation. (2011)
124(23):739-41. doi: 10.1161/CIRCULATIONAHA.111.075853

23. Boulif J, Gerber B, Slimani A, Lazam S, de Meester C, Piérard S, et al.
Assessment of aortic valve calcium load by multidetector computed tomography.
Anatomical validation, impact of scanner settings and incremental diagnostic value.
J Cardiovasc Comput Tomogr. (2017) 11(5):360-6. doi: 10.1016/j.jcct.2017.07.004

24. Pawade T, Clavel MA, Tribouilloy C, Dreyfus J, Mathieu T, Tastet L, et al.
Computed tomography aortic valve calcium scoring in patients with aortic stenosis.
Circ Cardiovasc Imaging. (2018) 11(3):1-11. doi: 10.1161/CIRCIMAGING.117.007146

25. Messika-Zeitoun D, Lloyd G. Aortic valve stenosis: evaluation and management
of patients with discordant grading. E-journal Cardiol Pr. (2018) 15:26. https://www.
escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-15/Aortic-valve-stenosis-
evaluation-and-management-of-patients-with-discordant-grading

26. Dandel M, Hetzer R. Severe low-gradient aortic stenosis: impact of inadequate
left ventricular responses to high afterload on diagnosis and therapeutic decision-
making. Heart Fail Rev. (2022) 27(6):2017-31. doi: 10.1007/s10741-022-10240-y

27. Maes A. Cryogenic contrast-enhanced microCT enables nondestructive 3D
quantitative histopathology of soft biological tissues (2022). GitHub.

28. Maes A, Pestiaux C, Marino A, Balcaen T, Leyssens L, Vangrunderbeeck S, et al.
Cryogenic contrast-enhanced microCT enables nondestructive 3D quantitative
histopathology of soft biological tissues. Nat Commun. (2022) 13(1):1-14. doi: 10.
1038/541467-022-34048-4

29. Rawson SD, Maksimcuka J, Withers PJ, Cartmell SH. X-ray computed tomography
in life sciences. BMC Biol. (2020) 18(1):21. doi: 10.1186/s12915-020-0753-2

30. Pawade T, Sheth T, Guzzetti E, Dweck MR, Clavel MA. Why and how to
measure aortic valve calcification in patients with aortic stenosis. JACC Cardiovasc
Imaging. (2019) 12(9):1835-48. doi: 10.1016/j.jcmg.2019.01.045

31. Messika-Zeitoun D, Aubry MC, Detaint D, Bielak LF, Peyser PA, Sheedy PF,
et al. Evaluation and clinical implications of aortic valve calcification measured by
electron-beam computed tomography. Circulation. (2004) 110(3):356-62. doi: 10.
1161/01.CIR.0000135469.82545.D0

32. Messika-Zeitoun D, Bielak LF, Peyser PA, Sheedy PF, Turner ST, Nkomo VT, et al.
Aortic valve calcification: determinants and progression in the population. Arterioscler
Thromb Vasc Biol. (2007) 27(3):642-8. doi: 10.1161/01.ATV.0000255952.47980.c2

33. Kulkarni S, Rumberger JA, Jha S. Electron beam CT: a historical review. Am
] Roentgenol. (2021) 216(5):1222-8. doi: 10.2214/AJR.19.22681

34. Fernandez Esmerats ], Heath ], Jo H. Shear-sensitive genes in aortic valve
endothelium. Antioxidants Redox Signal. (2016) 25(7):401-4. doi: 10.1089/ars.2015.6554

35. Miller JD, Weiss RM, Serrano KM, Brooks RM, Berry CJ, Zimmerman K, et al.
Lowering plasma cholesterol levels halts progression of aortic valve disease in mice.
Circulation. (2009) 119(20):2693-701. doi: 10.1161/CIRCULATIONAHA.108.834614

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcvm.2023.1129990/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1129990/full#supplementary-material
https://doi.org/10.1038/nrdp.2016.6
https://pubmed.ncbi.nlm.nih.gov/PMID: 18819236
https://doi.org/10.1007/978-3-540-87956-5_2
https://doi.org/10.1155/2017/5178631
https://doi.org/10.1155/2017/5178631
https://doi.org/10.2143/AC.61.5.2017772
https://doi.org/10.1016/j.jacc.2012.02.093
https://doi.org/10.1161/CIRCULATIONAHA.117.027776
https://doi.org/10.1161/CIRCULATIONAHA.117.027776
https://doi.org/10.1016/j.cjca.2021.02.017
https://doi.org/10.1016/j.jacc.2021.09.1367
https://pubmed.ncbi.nlm.nih.gov/PMID: 24779327
https://doi.org/10.1016/j.amjcard.2010.10.052
https://doi.org/10.1001/archinte.162.20.2345
https://doi.org/10.1016/S0894-7317(88)80025-7
https://doi.org/10.1016/S0894-7317(88)80025-7
https://doi.org/10.1253/circj.CJ-17-0129
https://doi.org/10.1016/0002-9149(88)90971-X
https://doi.org/10.1016/S0009-9260(03)00184-3
https://doi.org/10.1136/hrt.2010.198853
https://pubmed.ncbi.nlm.nih.gov/PMID: 22808832
https://pubmed.ncbi.nlm.nih.gov/PMID: 22808832
https://doi.org/10.1253/circj.CJ-16-1166
https://doi.org/10.3390/jcm9010029
https://doi.org/10.1161/CIRCULATIONAHA.111.075853
https://doi.org/10.1016/j.jcct.2017.07.004
https://doi.org/10.1161/CIRCIMAGING.117.007146
https://www.escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-15/Aortic-valve-stenosis-evaluation-and-management-of-patients-with-discordant-grading
https://www.escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-15/Aortic-valve-stenosis-evaluation-and-management-of-patients-with-discordant-grading
https://www.escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-15/Aortic-valve-stenosis-evaluation-and-management-of-patients-with-discordant-grading
https://doi.org/10.1007/s10741-022-10240-y
https://doi.org/10.1038/s41467-022-34048-4
https://doi.org/10.1038/s41467-022-34048-4
https://doi.org/10.1186/s12915-020-0753-2
https://doi.org/10.1016/j.jcmg.2019.01.045
https://doi.org/10.1161/01.CIR.0000135469.82545.D0
https://doi.org/10.1161/01.CIR.0000135469.82545.D0
https://doi.org/10.1161/01.ATV.0000255952.47980.c2
https://doi.org/10.2214/AJR.19.22681
https://doi.org/10.1089/ars.2015.6554
https://doi.org/10.1161/CIRCULATIONAHA.108.834614
https://doi.org/10.3389/fcvm.2023.1129990
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Pestiaux et al.

36. Jatene MB, Monteiro R, Guimardes MH, Veronezi SC, Koike MK, Jatene FB,
et al. Aortic valve assessment. Anatomical study of 100 healthy human hearts. Arq
Bras Cardiol. (1999) 73(1):81-6. doi: 10.1590/S0066-782X1999000700007

37. Bonucci E. Bone mineralization. Front Biosci. (2012) 17(1):100-28. doi: 10.2741/
3918

38. Dumesnil JG, Pibarot P, Carabello B. Paradoxical low flow and/or low
gradient severe aortic stenosis despite preserved left ventricular ejection fraction:
implications for diagnosis and treatment. Eur Heart ]. (2010) 31(3):281-9.
doi: 10.1093/eurheartj/ehp361

39. Pibarot P, Dumesnil JG. Paradoxical low-flow, low-gradient aortic stenosis: new
evidence, more questions. Circulation. (2013) 128(16):1729-32. doi: 10.1161/
CIRCULATIONAHA.113.005718

40. Kang DH, Jang JY, Park SJ, Kim DH, Yun SC, Song JM, et al. Watchful
observation versus early aortic valve replacement for symptomatic patients with
normal flow, low-gradient severe aortic stenosis. Heart. (2015) 101(17):1375-81.
doi: 10.1136/heartjnl-2015-307528

41. Clavel M-A, Guzzetti E, Annabi M-S, Salaun E, Ong G, Pibarot P. Normal-flow
low-gradient severe aortic stenosis: myth or reality? Struct Hear. (2018) 2(3):180-7.
doi: 10.1080/24748706.2018.1437934

42. Chadha G, Bohbot Y, Lachambre P, Rusinaru D, Serbout S, Altes A, et al.
Progression of normal flow low gradient “severe” aortic stenosis with preserved left

Frontiers in Cardiovascular Medicine

47

10.3389/fcvm.2023.1129990

ventricular ejection fraction. Am ] Cardiol. (2020) 128(2):151-8. doi: 10.1016/j.
amjcard.2020.05.003

43. Hachicha Z, Dumesnil JG, Bogaty P, Pibarot P. Paradoxical low-flow, low-
gradient severe aortic stenosis despite preserved ejection fraction is associated with
higher afterload and reduced survival. Circulation. (2007) 115(22):2856-64. doi: 10.
1161/CIRCULATIONAHA.106.668681

44. Lancellotti P, Magne J, Donal E, Davin L, O’Connor K, Rosca M, et al. Clinical
outcome in asymptomatic severe aortic stenosis: insights from the new proposed aortic
stenosis grading classification. ] Am Coll Cardiol. (2012) 59(3):235-43. doi: 10.1016/j.
jacc.2011.08.072

45. Herrmann HC, Pibarot P, Hueter I, Gertz ZM, Stewart W], Kapadia S, et al.
Predictors of mortality and outcomes of therapy in low-flow severe aortic stenosis: a
placement of aortic transcatheter valves (PARTNER) trial analysis. Circulation. (2013)
127(23):2316-26. doi: 10.1161/CIRCULATIONAHA.112.001290

46. Yamashita E, Takeuchi M, Seo Y, Izumo M, Ishizu T, Sato K, et al. Prognostic
value of paradoxical low-gradient severe aortic stenosis in Japan: Japanese multicenter
aortic stenosis study, retrospective (JUST-R) registry. J Cardiol. (2015) 65(5):360-8.
doi: 10.1016/}.jicc.2014.12.019

47. Katsi V, Magkas N, Antonopoulos A, Trantalis G, Toutouzas K, Tousoulis D.
Aortic valve: anatomy and structure and the role of vasculature in the degenerative
process. Acta Cardiol. (2021) 76(4):335-48. doi: 10.1080/00015385.2020.1746053

frontiersin.org


https://doi.org/10.1590/S0066-782X1999000700007
https://doi.org/10.2741/3918
https://doi.org/10.2741/3918
https://doi.org/10.1093/eurheartj/ehp361
https://doi.org/10.1161/CIRCULATIONAHA.113.005718
https://doi.org/10.1161/CIRCULATIONAHA.113.005718
https://doi.org/10.1136/heartjnl-2015-307528
https://doi.org/10.1080/24748706.2018.1437934
https://doi.org/10.1016/j.amjcard.2020.05.003
https://doi.org/10.1016/j.amjcard.2020.05.003
https://doi.org/10.1161/CIRCULATIONAHA.106.668681
https://doi.org/10.1161/CIRCULATIONAHA.106.668681
https://doi.org/10.1016/j.jacc.2011.08.072
https://doi.org/10.1016/j.jacc.2011.08.072
https://doi.org/10.1161/CIRCULATIONAHA.112.001290
https://doi.org/10.1016/j.jjcc.2014.12.019
https://doi.org/10.1080/00015385.2020.1746053
https://doi.org/10.3389/fcvm.2023.1129990
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

:' frontiers ‘ Frontiers in Cardiovascular Medicine

'.) Check for updates

OPEN ACCESS

EDITED BY
Konstantinos Papadopoulos,
Interbalkan Medical Center, Greece

REVIEWED BY
Andreea Calin,

Carol Davila University of Medicine and
Pharmacy, Romania

Didem Oguz,

Harvard Medical School, United States

*CORRESPONDENCE
Mayooran Namasivayam
mayooran.namasivayam@unsw.edu.au

RECEIVED 30 January 2023
ACCEPTED 15 May 2023
PUBLISHED 30 May 2023

CITATION

Namasivayam M, Meredith T, Muller DWM,
Roy DA, Roy AK, Kovacic JC, Hayward CS and
Feneley MP (2023) Machine learning prediction
of progressive subclinical myocardial
dysfunction in moderate aortic stenosis.

Front. Cardiovasc. Med. 10:1153814.

doi: 10.3389/fcvm.2023.1153814

COPYRIGHT

© 2023 Namasivayam, Meredith, Muller, Roy,
Roy, Kovacic, Hayward and Feneley. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Cardiovascular Medicine

Original Research
30 May 2023
10.3389/fcvm.2023.1153814

Machine learning prediction of
progressive subclinical myocardial
dysfunction in moderate aortic
stenosis

Mayooran Namasivayam'***, Thomas Meredith**,
David W. M. Muller'?, David A. Roy**, Andrew K. Roy",
Jason C. Kovacic™***, Christopher S. Hayward"*° and
Michael P. Feneley"**

Department of Cardiology, St Vincent's Hospital, Sydney, NSW, Australia, 2Faculty of Medicine and Health,
University of New South Wales, Sydney, NSW, Australia, *Heart Valve Disease and Artificial Intelligence
Laboratory, Victor Chang Cardiac Research Institute, Sydney, NSW, Australia, “Vascular Biology
Laboratory, Victor Chang Cardiac Research Institute, Sydney, NSW, Australia, °lcahn School of Medicine at
Mount Sinai, Cardiovascular Research Institute, New York, NY, United States, ®Cardiac Mechanics
Laboratory, Victor Chang Cardiac Research Institute, Sydney, NSW, Australia

Background: Moderate severity aortic stenosis (AS) is poorly understood, is
associated with subclinical myocardial dysfunction, and can lead to adverse
outcome rates that are comparable to severe AS. Factors associated with
progressive myocardial dysfunction in moderate AS are not well described.
Artificial neural networks (ANNs) can identify patterns, inform clinical risk, and
identify features of importance in clinical datasets.

Methods: We conducted ANN analyses on longitudinal echocardiographic data
collected from 66 individuals with moderate AS who underwent serial
echocardiography at our institution. Image phenotyping involved left ventricular
global longitudinal strain (GLS) and valve stenosis severity (including energetics)
analysis. ANNs were constructed using two multilayer perceptron models. The first
model was developed to predict change in GLS from baseline echocardiography
alone and the second to predict change in GLS using data from baseline and
serial echocardiography. ANNs used a single hidden layer architecture and a
70%:30% training/testing split.

Results: Over a median follow-up interval of 1.3 years, change in GLS (< or >median
change) could be predicted with accuracy rates of 95% in training and 93% in testing
using ANN with inputs from baseline echocardiogram data alone (AUC: 0.997). The
four most important predictive baseline features (reported as normalized %
importance relative to most important feature) were peak gradient (100%), energy
loss (93%), GLS (80%), and DI<0.25 (50%). When a further model was run
including inputs from both baseline and serial echocardiography (AUC 0.844), the
top four features of importance were change in dimensionless index between
index and follow-up studies (100%), baseline peak gradient (79%), baseline energy
loss (72%), and baseline GLS (63%).

Conclusions: Artificial neural networks can predict progressive subclinical
myocardial dysfunction with high accuracy in moderate AS and identify features of
importance. Key features associated with classifying progression in subclinical
myocardial dysfunction included peak gradient, dimensionless index, GLS, and
hydraulic load (energy loss), suggesting that these features should be closely
evaluated and monitored in AS.
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Machine Learning Prediction of Progressive Subclinical
Myocardial Dysfunction in Moderate Aortic Stenosis
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GRAPHICAL ABSTRACT

Introduction

The understanding of aortic stenosis (AS) is rapidly evolving.
“Moderate severity” AS is actually a complex and poorly
understood entity (1-7). It involves hydraulic load on the left
ventricle, leading to fibrosis and adverse clinical outcomes, with
rates approaching those of severe AS (5). Moderate severity
aortic stenosis is no longer considered a benign, early stage of
(1-4).
subclinical myocardial dysfunction in moderate AS has recently

disease, as was once thought The importance of
been highlighted (6). However, factors associated with the
progression of subclinical myocardial dysfunction in moderate
AS are not well understood. Mechanistically, myocardial
dysfunction is related to hydraulic load, which, in turn, relates to
valve stenosis severity (7). Metrics of valve stenosis severity are
challenging to interpret even in truly severe AS, let alone in
moderate AS when metrics can be more uncertain and
discordant (8, 9). Machine learning, and specifically artificial
neural networks (ANNSs), can identify patterns in datasets to
predict risk and identify features of importance. We sought to
use machine learning to identify whether metrics of valve
stenosis severity could accurately predict the progression of
subclinical myocardial dysfunction in moderate AS, and we
additionally sought to identify which valve stenosis metrics were

most important to this progression. We believe that such
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analyses could provide insights into the basis for progressive
deterioration and adverse outcome in what is traditionally
considered “early stage” disease.

Methods
Subjects

We evaluated the St. Vincent’s Hospital and Clinic
Echocardiography databases to identify studies between 2016 and
2021 with moderate severity AS, as determined by a text-search
of report conclusions [reports are finalized by an imaging
cardiologist or a senior cardiology fellow (minimum PGY7)] and
confirmation of mean gradient <40 mmHg. A total of 336
patients were identified with baseline imaging of adequate quality
for strain analysis in apical 2, 3, and 4-chamber views, of whom
100 had serial imaging but only 66 had serial imaging of
adequate quality for strain analysis at both index and follow-up.

Echocardiographic analysis
A reanalysis of raw echocardiographic images was performed at

the Heart Valve Disease and Artificial Intelligence Laboratory at
the Victor Chang Cardiac Research Institute. Left ventricular
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global longitudinal strain (GLS) analysis was performed by using
TomTec Arena software, with the apical 2, 3, and 4-chamber
views (10, 11). Studies were included for analysis only if the left
ventricular endocardium could be visualized and endocardial
tracking was accurate in the apical 2, 3, and 4-chamber views
throughout the cardiac cycle. Aortic valve stenosis severity was
assessed using aortic valve area (AVA) (as determined by
continuity equation), mean and peak transvalvular gradients, and
dimensionless index (DI). Valvular hydraulic load was assessed
using energy loss, modified from the method first described by
Garcia et al. (12). Information on body surface area was not
available in our database, and therefore, we evaluated total
(rather than indexed) energy loss. As flow conditions are
important for the metrics of aortic valve stenosis severity,
transvalvular flow rate (Q) was also measured as the ratio of
stroke volume to ejection time (13, 14).

Neural network analysis

We utilized ANN analysis with multilayer perceptron models
to identify features of valve stenosis severity from both baseline
and serial echocardiography that could predict change in GLS
between the index and the follow-up studies. We defined the
target of models as change in GLS (classified by < or > cohort
median change). We constructed two models. The first used only
inputs from baseline echocardiography. The second included
additional inputs requiring data from serial echocardiography to
account for the effects of dynamic change in metrics. We
encoded inputs to optimize model efficiency, for example by
binarizing key metrics at established diagnostic thresholds (such
as AVA 1.0 cm? DI at 0.25. Q<210ml/s) (13, 15, 16). Inputs
for the first model included the following: AVA <1.0 cm?, DI<
0.25, transvalvular flow rate <210 ml/s, peak gradient, mean
gradient, left ventricular GLS, and energy loss. Inputs for the
second model included model 1 inputs and additionally included
the following: time between studies, change in AVA between

TABLE 1 Baseline characteristics.?

Age (years) 79+ 10
Male/female 44 (66%)/22 (33%)
Peak gradient (mmHg) 39 (33-44)
Mean gradient (mmHg) 23 (20-27)
Aortic valve area (cm?) 1.1 (0.8-1.5)

0.34 (0.26-0.40)
256 (199-297)

Dimensionless index

Transvalvular flow rate (ml/s)

Energy loss (cm?) 1.2 (0.8-1.5)
Global longitudinal strain (%) —-16.7+4.3
Left ventricular ejection fraction (%) 61+8

Left atrial dimension (mm, parasternal long axis) 42+7

Interventricular septal thickness (mm) 11 (10-13)
Posterior wall thickness (mm) 11 (10-12)
Estimated pulmonary artery systolic pressure (mmHg) 27 (23-34)

“Data presented as mean + SD if normally distributed based on the skewness
statistic between —0.5 and +0.5, aside from age and LVEF which, while
not normally distributed, are reported here as mean+SD per convention.
Non-normal data presented as median (IQR).
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studies, change in mean gradient between studies, change in
dimensionless index between studies, change in energy loss
between studies, and change in flow rate between studies. Both
models used a single hidden layer architecture and a 70%:30%
training/testing structure. This meant that models were trained
on 70% of the cohort that was randomly selected and tested on
the remaining unseen 30% of the cohort for validation, in order
to avoid overfitting (17).

Model performance was assessed using prediction accuracy (%
correct predictions), area under the receiver operating curve
(AUC), and gain and lift functions. Features of importance were
assessed using normalized importance scoring, with the most
important feature scoring 100%, and other features were scaled
accordingly as a proportion of importance.

Analyses were conducted using IBM SPSS Version 26.0 (IBM,
Armonk, NY).

Results

After exclusion criteria were implemented, 66 subjects (44
males, 22 females), aged 79 + 10 years, with serial, strain-quality
imaging over a median follow-up interval of 1.3 years (IQR: 0.8
2.0 years), remained. Baseline AS severity metrics are outlined in
Table 1. Key valve severity metric changes from baseline to
follow-up are noted in Table 2. All metrics of severity trended
worse over time, with statistical significance reached by peak
gradient, mean gradient, and peak velocity. GLS worsened over
follow-up (baseline mean GLS —16.7%, mean change in GLS
+0.74%, median change +0.48%), although the change in GLS
was of borderline significance (p = 0.06, paired t-test).

As described, multilayer perceptron models were created
initially from the metrics of AS severity from baseline
(Model 1),
incorporating parameters accounting for dynamic change in

echocardiogram  alone and  subsequently,
variables between the index and the follow-up studies (Model 2).
The inputs and architecture for Model 1 are shown in Figure 1.
Model 1 yielded a prediction accuracy rate of 95% in
training and 93% in testing, with an AUC of 0.997, while
Model 2 yielded a prediction accuracy rate of 84% in training
and 68% in testing, with an AUC of 0.844. Receiver operating
curves for both models are shown in Figure 2. Gain and lift
functions are shown in Figure 3. The relative feature
importance in each model is shown in Figure 4. In Model 1,

the four most important predictive baseline features (reported

Table 2 Changes in the metrics of AS severity at follow-up.?

—

AVA (cm?) 1.00 (0.77-1.26) 0.057
Peak gradient (mmHg) 43 (34-49) 0.02
Mean gradient (mmHg) 25.1 (21.0-29.9) 0.031
Peak velocity (m/s) 3.3 (2.9-3.5) 0.02
Dimensionless index 0.30 (0.23-0.36) 0.12

“Results are median (IQR).
PAs compared with baseline.
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FIGURE 1

Network diagram for a multilayer perceptron neural network model using baseline aortic stenosis severity metrics (model 1). AVA, aortic valve area; DI,
dimensionless index; GLS, left ventricular global longitudinal strain; Q, transvalvular flow rate. The network structure includes a bias node at the input layer
and hidden layer and has multiple nodes in the hidden layer, hence H(1:1), H(1:2) etc.
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FIGURE 2
Receiver operating curves for Model 1 (baseline metrics only) and Model 2 (baseline metrics and dynamic change) for the classification of global
longitudinal strain (GLS) progression.
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FIGURE 3
Gain and lift functions for Model 1 (baseline metrics only) and Model 2 (baseline metrics and dynamic change).

as normalized % importance relative to the most important
feature) were peak gradient (100%), energy loss (93%), GLS
(80%), and DI<0.25 (50%). In Model 2, the top four features
of importance were change in dimensionless index (100%),
baseline peak gradient (79%), baseline energy loss (72%), and
baseline GLS (63%).

Discussion

Studies have shown that patients with moderate AS have poor
overall survival (1-5) that is comparable to patients with severe AS
(5), suggesting that current classification systems are inaccurate and
understanding of the disease and its progression are limited.
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FIGURE 4
Relative importance of input features in Model 1 (baseline metrics) and Model 2 (baseline metrics and dynamic change). AA, aortic area at sinuses of
Valsalva; AVA, aortic valve area (in cm?); DI, dimensionless index; EL, energy loss; GLS, left ventricular global longitudinal strain; MG, mean gradient;
Q, transvalvular flow rate.
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Moreover, studies have shown that the subclinical myocardial
dysfunction in AS is associated with adverse clinical prognosis
(6). AS quantification is challenging, even when disease is severe,
but is particularly challenging in earlier, moderate stages of
disease. Knowing which features are most important can inform
echocardiographic assessment, clinical decision-making, and
overall patient management. In this study of moderate AS, we
that
dysfunction can be accurately predicted, using neural networks,

have shown progression in  subclinical myocardial
by simple echocardiographic metrics of AS severity. Moreover,
we have shown that some features of AS severity are considerably
more important than others in predicting change in myocardial
function. The most important features are peak gradient, baseline
GLS, DI, and energy loss.

These findings are important because they highlight that aortic
valve stenosis severity is a major contributing factor to the load
faced by the left ventricular myocardium, even in moderate
stages of the disease. Moreover, this load and subsequent
myocardial dysfunction can progress with time, even over a
relatively short follow-up interval (median time 1.3 years). This
is important because it means that ongoing exposure to load,
even at moderate AS severity, is likely to have a continued and
progressive adverse impact upon myocardial function, which may
be irreversible (18, 19).

Our findings also highlight which key parameters are
important to progression in myocardial dysfunction in moderate
AS. The importance of DI in both our models affirms recent
literature demonstrating the value of this metric (20). Of note,
AVA did not rank highly in importance in either of our models.
This finding of superiority of DI to AVA in our models, most
likely reflects the flow dependency of AVA and relative flow
independency of DI (13). As expected, baseline GLS was an
important feature relevant to the degree of GLS progression. This
to Dbetter quantify
myocardial dysfunction using tissue deformation in AS, both in

finding supports the increasing calls
moderate and in severe disease (6, 21). Early detection of
myocardial dysfunction could identify those at high risk of
progression. Finally, energy loss, a marker of valvular hydraulic
load, featured as important in our analysis. This metric is not
routinely used in clinical practice but has a strong research
foundation and has been shown to identify clinical risk in
previous studies (12, 22, 23). Energy loss accounts for the
changes in the composition of total energy (comprised of kinetic
and static pressure energy that interchange, as well as
gravitational potential energy that remains stable) as blood
traverses a stenotic aortic valve. Energy loss accounts for the
phenomenon of pressure recovery that occurs in the proximal
aorta, whereby static pressure energy is “recovered” as blood
enters the proximal aorta and Kkinetic energy reduces. Incomplete
pressure recovery contributes to hydraulic load, and the degree of
this recovery, and hence energy loss, is itself dependent on the
ratio of effective aortic valve orifice area and aortic area.
Conceptually, it is the best physiologic marker of hydraulic load
faced by the ventricle as a result of aortic valve stenosis (12, 24),
and its importance in contributing to deteriorating strain affirms

that it adds clinical value. Our findings support increasing the
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role of energy loss quantification, which is easily measured from
standard echocardiography, in assessment of AS. A particularly
interesting finding was that peak gradient outperformed mean
gradient as an input feature. Traditionally, mean gradient has
served as the more frequently evaluated metric in AS; however,
the spread of data in peak gradient (IQR: range 11 mmHg vs.
7 mmHg for peak vs. mean gradient) likely allowed a greater
resolution to detect differences in moderate stages of the disease,
where gradients are lower. This finding has potential implications
for low-gradient severe AS, where the focus on mean gradient
perhaps should be shifted to peak gradient.

Another important finding in our study was the demonstration
of the power of machine learning in the assessment of
echocardiographic data (25-30). We have shown that prediction
models with high accuracy and explainability (i.e., the ability to
explain the basis of model formulation and identify which
features are of particular importance in generating the model)
can be developed using easily acquired echocardiographic
metrics. Machine learning approaches can identify nonlinear and
interaction patterns more ably than conventional statistical
modeling, allowing these approaches to provide a greater insight
into the understanding of disease processes and progression from
existing clinical data repositories. Our findings support other
data, which has strengthened the calls to improve diagnosis and
phenotyping of AS through novel machine learning approaches
(31-34).

While our findings are important and add to the body of
literature supporting the need for greater advanced image
phenotyping and risk prediction in moderate AS, some
limitations should be discussed. First, our study is a single center,
retrospective observation of prospectively collected, longitudinal
data. To mitigate the limitation of a single-center approach, we
used sample splitting to create an independent training and
testing set, to avoid overfitting models to the trained dataset (17).
It is important to note that the limitations of a single center
machine learning approach are less relevant to our study because
the goal of this study was not to create a broadly usable risk
calculator. Rather, the motivation of this work was to (1)
demonstrate that baseline echocardiographic metrics of AS
severity can be used to predict change in myocardial function in
moderate AS and (2) identify which parameters were most
important to this change. In this sense, external validation is less
important, as the study was intended to disclose key concepts in
the understanding of disease progression in moderate AS, rather
than create an externally usable model that would benefit from
an external validation of generalizability. Having said this, the
general inherent biases of a single-center study and reliance on
subjects with a single-center follow-up must be acknowledged.
With regard to the comparatively small sample size, we used a
cohort that is well phenotyped and individually reanalyzed serial
images with strict quality control. We took this approach in
contrast to using a large-sized cohort with a shallow phenotyping
approach (e.g., automated data repository metric extraction),
which while important in its own right, can introduce noisy,
missing, and/or inaccurate data in an initial survey. Our work
demonstrates an early experience with this approach, which has
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yielded valuable insights, and we encourage larger studies using
database mining that could validate our findings. Our follow-up
time was relatively short (median 1.3 years). This partly explains
the modest changes in GLS over the study period. Indeed, our
observed GLS change over the study period falls within the range
of inter- and intraobserver variability reported elsewhere for GLS
(35). Nevertheless, we demonstrated a clear trend in worsening
GLS, and it is unlikely that random distribution of error would
obscure the overall trend. Hence, despite this relatively short time
interval, we were able to show that baseline AS metrics could
accurately predict change in myocardial function over time,
suggesting that the results would only have been amplified with a
longer follow-up. Prospective studies with longer follow-up times
could confirm and extend the findings of this study.

Conclusions

Moderate AS is a high-risk clinical entity, and subclinical
myocardial dysfunction is important for this risk. Factors
important to the progression of myocardial dysfunction in
moderate AS are not well known. In this study, we have shown
that neural network analysis could accurately predict change in
subclinical myocardial dysfunction in moderate AS and identify
which features were most important to this change. The key
features included peak gradient, DI, baseline GLS, and energy
loss, suggesting that these parameters should be evaluated
carefully while assessing patients with moderate AS.
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Case report: Aborted sudden
cardiac death as a first
presentation of severe mitral
annulus disjunction—a case
series and review of the literature
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Mitral annulus disjunction (MAD) is defined as a systolic displacement between the
ventricular myocardium and the posterior mitral annulus supporting the posterior
mitral leaflet. This structural abnormality is associated with the loss of mechanical
annular function manifested as an abnormal systolic excursion of the leaflet hinge
point into the left atrium but with maintained electrical function, separating the left
atrium and ventricle electrophysiologically. The mitro-aortic fibrous continuity
limits MAD anteriorly, between the aortic cusps and the anterior leaflet of the
mitral valve. Consequently, MAD has been observed only at the insertion of the
posterior leaflet. It can extend preferentially at the central posterior scallop. The
first diagnostic modality aiding the diagnosis is transthoracic echocardiography
(TTE), although in some cases adjunctive cardiac imaging modality might be
suggested. MAD carries a strong association with malignant ventricular
arrhythmogenesis and a profound predisposition for sudden cardiac death
(SCD). In this context, a thorough investigation of this morphological and
functional abnormality is vital in estimating the risk assessment and stratification
for optimal management and elimination of the risk of the patient for SCD.
Based on the current scientific data and literature, we will discuss the diagnosis,
clinical implications, risk stratification, and therapeutic management of MAD.

KEYWORDS

mitral valve prolapse, mitral annulus disjunction, sudden cardiac death, ventricular
arrhythmia, transthoracic echocardiography

Introduction

Mitral valve prolapse (MVP) is the most frequent cause of primary or degenerative
mitral regurgitation (MR) with estimated prevalence up to 3% in the general population
(1, 2). Mitral annulus disjunction (MAD) is frequently coexistent with MVP, although the
reported prevalence of MAD varies due to the different imaging modalities, various cut-
offs, heterogeneous subpopulations, and various MR-severity grades (3-5).

The clinical significance of MAD in the absence of mitral valve disease is unknown,
although it has been shown that the prevalence of ventricular arrhythmias in MAD with
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concomitant MVP and isolated MAD was not significantly
different, which suggests the arrhythmogenicity of MAD alone
(3, 6). MAD is currently considered an independent risk factor
for ventricular arrhythmias and cardiac arrest independently of
concomitant mitral valve abnormalities, suggesting the existence
of a novel entity: MAD arrhythmic syndrome (7).

Epidemiology

At first, MAD was described in autopsy studies to be present in
approximately 6% of human hearts (4, 8). The prevalence of MAD
among patients with MVP varies between 20% and 58% (3, 9, 10).
In a certain subset of patients with myxomatous MVP, MAD
prevalence varies between 21.8% and 98% (3-5). In patients with
MAD, the reported presence of MVP was 78% (6).

In arrhythmic MVP syndrome, MAD prevalence is reported
between 34% (11) in patients with Marfan syndrome and 40% in
carriers of Loeys-Dietz syndrome (12). In the abovementioned
collagen vascular diseases, MAD appears as a marker of higher
severity of arrhythmic event frequency, a higher number for
mitral valve intervention needed, and among patients with
extensive MAD, even more arrhythmic events (11, 12). In
isolated MVP with systematic MAD assessment, generally in
younger patients, the prevalence of 30% of MAD was reported
(first large prospective cohort) (9). The strongest MAD-
associated MVP feature was the advanced myxomatous-
degeneration (marked leaflet-redundancy and bileaflet-MVP).
The of all
characteristics, whereas MR severity was not independently
associated with MAD (9).

association was independent listed baseline

Diagnostic criteria

The cornerstone for the diagnosis of MAD is cardiac imaging
modalities. MAD can be detected easily in the long-axis views
during end-systole using transthoracic echocardiography (TTE)
(3-5, 10), and cardiac magnetic resonance (CMR) (13). As an
adjunctive, cardiac computed tomography (CT) can also
diagnose MAD. None of the abovementioned cardiac imaging
modalities has been suggested in the present studies or guidelines
as a gold standard method of diagnosis. In a study of 38 patients
with myxomatous mitral valve disease, the authors described the
recognition of MAD by using standard TTE using the length of
the annular disjunction during end-systole on parasternal long-
axis view, which was defined as the measurement from the
junction of the left atrial wall and MV posterior leaflet to the
basal LV posterior wall (4). With the use of a standardized
intraoperative TEE protocol, MAD has also been described and
defined as a separation between the P2 insertion into the left
atrial wall and the atrioventricular attachment performed in a
study, the

significant correlation between the magnitude of disjunction and

four-chamber mid-esophageal view. From  this

the number of segments with prolapse/flail was revealed (5),
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although according to a quantitative 3D echocardiographic study,
more than one scallops of the posterior MVL may be involved (14).

MAD is widely known as a common abnormality in MVP. The
disjunctive annulus is paradoxically functionally decoupled from
the left ventricle and coupled more to the left atrium,
consequently leading to paradoxical annulus dynamics with
systolic expansion and annulus flattening. As a result, the
abnormal mechanical stress and disjunctive annular dynamics
exerted on the mitral valve and subvalvular apparatus accelerate
the degenerative processes (14).

Excluding pseudo-MAD phenotype is of great importance.
Pseudo-MAD refers to the juxtaposition of the posterior leaflet of
the mitral valve on the atrial wall in systole mimicking MAD
(15, 16). Particular attention is crucial for the recognition of
MAD due to its
arrhythmic events. Therefore, high suspicion is suggested,

strong correlation with life-threatening
especially in patients with concomitant MVP or myxomatous
MV disease with arrhythmias or symptoms of arrhythmias. For
the purpose of not underreporting such a potentially high
arrhythmogenic entity, a multi-imaging modality approach may
be necessary to raise the detection odds. Imaging modalities with
superior spatial resolution such as cardiac CT or CMR may be
used as adjunctive diagnostic tools for those with a lesser degree
of MAD or high suspicion of MAD (17, 18). Cardiac CT can
evaluate the mitral valve using a multiplanar reconstruction
method,
visualization of the entire circumference of the mitral valve

thereby providing detailed anatomic information,
attachment, and more sensitive detection of disjunction (17, 18).
CMR is considered the gold standard imaging technique for
evaluating myocardial function, quantifying chamber volumes,
and detecting scar tissue/fibrosis (19) and may assist the risk
stratification and prognostic information. Therefore, CMR may
be an important adjunct to echocardiography as it can better
define more subtle MAD and detect the markers of arrhythmia
risk (13, 20).

Due to the high prevalence of MAD in normal subjects, an
acceptable cut-off value of separation (>5mm) between the
posterior leaflet insertion and the atrioventricular junction (basal
LV free wall) is approved based on a histologic (7) and an
echocardiographic description (5).

Arrhythmia substrate

The proposed mechanism of arrhythmias in MAD is related to
a combination of papillary muscle fibrosis- anatomical substrate
and mechanical stretch of the myocardium, which has been
supported by CMR imaging findings (6, 21, 22).

SCD prevalence

All patients with MVP should be mandatory stratified for
sudden cardiac death (SCD) risk. Risk stratification of patients
with MVP includes focused history, 12-lead ECG, extended ECG
monitoring, and detailed echocardiography. The use of CMR and
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implantation of a loop recorder are more selective depending on
the probability of VAs. Risk stratification involves two phases
based on the clinical and imaging context and the detected
arrhythmia (23). Even though the risk of malignant arrhythmias
and SCD in MVP patients is low, estimated approximately 0.2%-
0.4% per year, the real prevalence seems to be underestimated
(24). A comprehensive clinical evaluation is mandatory to
identify MVP patients with higher risk of arrhythmias. Family
history of SCD is relevant to suggest the possibility of inherited
arrhythmia syndromes (long-QT syndrome, arrhythmogenic right
ventricular cardiomyopathy) as alternative diagnoses. Family
history of MVP should also raise the attention to heritability, as
either sporadic or familial forms.

Several phenotypic risk features of MVP have been identified
including young age, female sex, high burden of ventricular
ectopy (VE), bileaflet myxomatous MV degeneration, MR
severity, and flail leaflet (8, 25).

More malignant risk factors of arrhythmia in MAD are
younger age, high burden of VE, longer longitudinal distance of
MAD, and evidence of papillary muscle fibrosis-anatomical
substrate on CMR (6, 13). In addition to the arrhythmia risk, the
presence of MAD has been shown to be associated with greater
extent of mitral leaflet and chordae tendineae deformity and LV
enlargement, and MR severity correlates with the degree of
MAD. In other words, MAD may be a contributor to the
progression of MR and may predispose to future degeneration
and prolapse in patients without concomitant MV disease (9,
14). Tt still remains unclear whether MAD depth is a predictor of
more frequent arrhythmic events, as it is proposed by the MAD-
associated arrhythmia mechanism and the myocardial fibrosis as
a hypothetic causative. Even though MAD presence in subjects
with MVP has raised the VAs odds during follow-up, the first 10
years of follow-up did not confirm an association with excess
mortality. As it is suggested by the risk stratification strategy in
patients with MVP, the aim is to assess the risk of VAs and SCD
according to the phenotypic risk features [T wave inversion in

10.3389/fcvm.2023.1171226

inferior leads, multiple polymorphic premature ventricular
captures, MAD, redundant MV leaflets, enlarged left atrium, left
ventricular ejection fraction (LVEF)<50%, late gadolinium
enlargement (LGE)] and the presence of high-risk ventricular
tachycardia (VT). Based on the clinical and imaging context and
arrhythmia, Holter (periodic/

diagnostic) and implantable loop recorder (ILR) are used for the

the uncovered monitoring
risk stratification (23). MAD requires a deep and thorough
understanding due to its apprehensive arrhythmogenic trait, and
even the diagnosis of isolated MAD solely should instead raise
awareness for a careful follow-up and not to acknowledge this as
a high-risk factor for sudden death in all patients.

Case report 1

A 3l-year-old Caucasian with a known medical history of
bronchial asthma, mild MVP, autonomic dysregulation of sinus
and atrioventricular node, smoking, and a family history with
MVP and SCD was transferred to the emergency department of
our hospital, following an episode of out-of-hospital cardiac
arrest due to ventricular fibrillation. After the restoration of
spontaneous circulation, a thorough clinical examination showed
and a bedside FOCUS TTE on
presentation showed a severely depressed LVEF and coronary

unremarkable findings,
angiography excluded obstructive coronary artery disease (CAD).
Repeated TTE and TOE showed improved LV function (50% EF)
and evidence of bileaflet MVP, severe mitral regurgitation, and
MAD approximately 16 mm, not clearly visualized on initial
imaging (Figure 1). The CMR showed significant annulus
disjunction of the posterior leaflet of MV (Figure 1), measuring
up to 16 mm, severe bileaflet MVP, and severe MR with
posteriorly directed eccentric jet (Supplementary Video SI).
Additional finding was an extensive, disseminated fibrosis of the
mid lateral and inferolateral LV wall, posteromedial papillary
muscle revealed by late gadolinium enhancement.
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FIGURE 1
TTE and MRI, MAD noted with the red line.
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A genetic test was performed with a next generation
sequencing panel and revealed a very rare genetic variant in the
MYOM]I gene, classified as a variant of unknown significance
(VUS). No specific relation between this mutation and MAD has
been described.

The patient was discharged after receiving a secondary
prevention implantable cardioverter defibrillator (ICD) and was
referred for mitral valve repair. The post-operation follow-up
with a cardiac event monitor showed a subtle arrhythmogenic
activity VE burden (approximately 1.0%) and mild mitral
regurgitation on transthoracic echocardiogram. He remained
stable and asymptomatic.

Case report 2

A 50-year-old Caucasian man has been transferred to our clinic
from another hospital, in an emergency manner for emergency
coronary angiography due to persistent monomorphic ventricular
tachycardia. While evaluating the patient, the patient collapsed
abruptly due to ventricular fibrillation. He was successfully
resuscitated from cardiac arrest and transferred fully
consciousness for emergency coronary angiography. The clinical
evaluation prior to the coronary angiography showed no
significant clinical findings.

His past medical history was smoking in a habitual manner and
former drug user (drug test upon admission was negative),
reporting abstinence for 3 years now. He mentioned occasional
palpitations without any further investigation. Collecting data
from his family history, one case of sudden death was reported
in the family at the age of 60 in a second-degree relative. Family
history was negative for primary electrical diseases and MVP. He
was not taking any medications or drugs at the time of
presentation.

The coronary angiography excluded obstructive coronary
artery disease as the cause of cardiac arrest and revealed a
moderately impaired LV systolic function by left ventriculography.

The FOCUS

moderately impaired LV systolic function, gross estimation LVEF:

echocardiographic assessment showed a

10.3389/fcvm.2023.1171226

40%, without pericardial effusion, and intact proximal ascending
aorta. A complete TTE and TEE study that followed revealed a
mildly dilated LV with borderline normal LVEF and MAD
(Figures 2,3, Supplementary Videos S2, S3).

The cardiac magnetic resonance report an unveiled annular
disjunction of the posterior LV wall, measuring a longitudinal
MAD distance of 8 mm (Figure 2), with late gadolinium
enhancement due to fibrosis in the anterolateral papillary muscle
and basal posterolateral left ventricle. The left ventricular ejection
fraction was borderline normal (LVEF: 50%), with mildly dilated
left ventricular dimensions (LVESD: 36 mm/LVEDD: 53 mm
short axis).

A multidisciplinary heart team suggested an ICD implantation
as a secondary prevention for SCD and no further surgical
intervention due to limited data in the current literature.

A genetic investigation with next generation sequencing panel
revealed two variants of unknown significance (VUS) in ANK2 and
TTN. Both variants have no specific relation with MAD.

The patient is currently asymptomatic and without any
worrying arrhythmic findings on follow-up cardiac rhythm
monitoring 2 months after. His ICD check is also without any
remarkable arrhythmic activity.

Risk stratification

Beyond the first part of the diagnostic algorithm with clinical
approach, imaging, electrocardiographic, and cardiac event
monitoring, asymptomatic patients with MAD—with or without
MVP—require a close follow-up with repeated 2D-transthoracic
echocardiography over the years, to explore MAD development
over time and for routine rhythm surveillance, as MAD is an
(21). Additional
diagnostic modalities such as CMR and electrophysiological

independent risk factor for arrhythmias
study might be necessary for further risk stratification in cases
with known risk factors for malignant arrhythmia. CMR is an
optimal method for evaluating cardiac and valvular structure and
function and for assessing the presence and extent of myocardial

fibrosis. The presence of LGE is most often observed in the

FIGURE 2

Transthoracic and MRI long-axis views. The red line and red arrow indicate the MAD area.
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FIGURE 3
Transesophageal view of MAD (red line and red arrow)

papillary muscles or basal inferior wall and is highly linked with an
increased risk of arrhythmias (26). The early detection of high-risk
features is crucial in risk stratifying the patients and determining
the necessity for more extensive evaluation and appropriate
therapeutic management.

Therapeutic management

Current literature regarding the medical management of
AMVP patients is scanty. The medical management should be
addressed to the specific presentation by aiming the symptomatic
improvement and improving survival (23).

The
Cardiology guidelines for ventricular arrhythmias and SCD have

American Heart Association/European Society of

no distinctive criteria or recommendations for the secondary

prevention of SCD and the management of ventricular
arrhythmias in significant mitral valvulopathy (27, 28).

The pivotal challenge of SCD prevention mandates the
establishment of primary and secondary preventive methods such
(ECG,

echocardiogram), and a fundamental risk stratification strategy

as  screening programs, technological —measures
with the use of CMR, treadmill exercise test, and a serial rhythm
monitoring. In the case where MVP had been diagnosed in a
random order or screening (relatives of SCD victims or athletes),
a risk stratification strategy may be essential depending on the
existence of high-risk criteria. It is essential to thoroughly
with CMR, and

echocardiography, particularly the young individuals, for the

evaluate electrophysiological  study,
proper selection of candidates for ICD implantation (27).

According to the latest data from the expert consensus, patients
with AMVP and a documented history of VF or hemodynamically
not tolerated VT, in the absence of reversible causes, should receive
an ICD. MVP with LVEF <35% and symptomatic HF despite >3
months of OMT should receive an ICD.

Ablation of PVCs in patients with frequent PVCs who are
symptomatic or have decreased LV function is advised. Ablation
of VA in MVP patients should be performed in experienced
centers with expertise in VA ablation and interventional and
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surgical treatment of MV regurgitation. Ablation of PVCs is
reasonable if triggering VF, particularly if not controlled by
medications. Ablation of sustained monomorphic VT despite
antiarrhythmic treatment or if antiarrhythmic treatment is not
desired, or contraindicated, should be performed in MVP
patients with recurrent ICD therapies. Mitral valve surgery may
reduce the burden of malignant VAs in MVP patients and severe
MR (23).

The promising potential of biomarkers and genetic studies for
the determination of high-risk individuals, particularly after the
latest correlating with familial clustering, is likely to be further
tested in the coming future (29, 30).

A case report emphasized and illustrated the need to maintain
alertness in malignant MVP patients and signified the role of mitral
valve repair in the treatment of ventricular arrhythmias resulting
from malignant MVP as a potential treatment option and
secondary preventive method for SCD (31). Currently, there is
no preferable surgical approach (valve repair or replacement),
and as with the available data, none of them appears superior in
terms of the reduction of ventricular arrhythmia burden. Despite
this, a complete resolution of the disjunction can be achieved in
both procedures and, subsequently, the reduction of malignant
arrhythmias (13).

Conclusion

MAD is an anatomical, congenital variation associated
frequently with MVP. Distinct anatomic characteristics of this
potentially lethal entity may increase the risk of malignant
ventricular arrhythmia and SCD. A suggestive therapeutic
approach with ICD implantation and mitral valve repair might
be necessary for this appropriate group. Large cohorts with long-
term follow-up are required to better define MAD without MVP
and its outcome and consequences. Future prospective studies
evaluating ECG features, ventricular arrhythmia burden and
morphology, and electrophysiological findings may provide
further with different MAD
phenotypes, further evidence could clarify its arrhythmogenic

information. In individuals

role and specify the effectiveness of antiarrhythmic therapy, the
potential use of early catheter ablation in refractory ventricular

arrhythmias, and the surgical approach in managing ventricular
arrhythmia in patients with MVP (32).
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Background: The European Society of Cardiology 2019 Guidelines on chronic
coronary syndrome (CCS) recommend echocardiographic measurement of the
left ventricular function for risk stratification in all patients with CCS. Whereas
CCS and valvular heart disease (VHD) share common pathophysiological
pathways and risk factors, data on the impact of VHD in CCS patients are scarce.
Methods: Clinical data including treatment and mortality of patients diagnosed
with CCS who underwent comprehensive transthoracic echocardiography (TTE)
in two tertiary centers were collected. The outcome was all-cause mortality.
Data were analyzed with Kaplan-Meier curves and Cox proportional hazard
analysis adjusting for significant covariables and time-dependent treatment.
Results: Between 2014 and 2021 a total of 1,984 patients with CCS (59% men) with
a median age of 65 years (interquartile range [IQR] 57-73) underwent
comprehensive TTE. Severe VHD was present in 44 patients and moderate VHD
in 325 patients. A total of 654 patients (33%) were treated with revascularization,
39 patients (2%) received valve repair or replacement and 299 patients (15%)
died during the median follow-up time of 3.5 years (IQR 1.7-5.6). Moderate or
severe VHD (hazard ratio = 1.33; 95% CI 1.02-1.72) was significantly associated
with mortality risk, independent of LV function and other covariables, as
compared to no/mild VHD.

Conclusions: VHD has a significant impact on mortality in patients with CCS
additional to LV dysfunction, which emphasizes the need for a comprehensive
echocardiographic assessment in these patients.

KEYWORDS

coronary artery disease, valvular heart disease, prognosis, risk, mortality

1. Introduction

Chronic coronary syndrome (CCS) is characterized by stable atherosclerotic coronary
plaques that build up over time. CCS affects more than 34 million adult Europeans and
has a high mortality rate, despite advanced medical care and revascularization (1, 2).

The European Society of Cardiology (ESC) 2019 Guidelines on CCS recommend
transthoracic echocardiographic (TTE) measurement of left ventricular (LV) function for
risk stratification in all patients with CCS, as it is considered to be one of the strongest
determinants of mortality (3-5). This is mainly based on the Coronary Artery Surgery
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Study (CASS) registry (5). This CASS registry was performed in the
1970s, a long time before introduction of modern therapies and
revascularization techniques.

It is unclear whether other echocardiographic findings provide
additional information about the prognosis of patients with CCS.
In particular data regarding the impact of valvular heart disease
(VHD) on the mortality of patients with CCS are scarce. It is
estimated that VHD affects more than 18 million Europeans (6,
7) and accounts for 10 to 20% of all cardiac surgery procedures
(8, 9). As both VHD and CCS share common pathophysiological
pathways and risk factors, a better understanding of the impact
of VHD on mortality in patients with CCS is needed. Therefore,
we performed a study in CCS patients and investigated the
impact of VHD on mortality.

2. Methods
2.1. Design and patient population

In this retrospective cohort study, patients diagnosed by the
treating physician with CCS between 2014 and 2021 were
consecutively selected from electronic health records of the
Amsterdam University Medical Center (two tertiary centers), the
Netherlands. CCS patients (>18 years)
comprehensive transthoracic echocardiography (TTE) one year

who underwent

before or after the outpatient visit were eligible for inclusion. For
patients with multiple studies, the TTE closest to the outpatient
visit date was selected. This retrospective cohort study was
approved by the local institutional review board, who waived the
need for written consent.

2.2. Data collection and echocardiographic
measurements

Baseline, treatment and mortality in follow-up data of patients
with CCS were collected from pseudonymized electronic health
records and stored in a registry. Two-dimensional TTE with
Doppler tissue imaging (Vivid 9, GE Vingmed Ultrasound AS,
Horten, Norway; Philips Epiq, Philips Affiniti and Philips IE33,
Philips Medical Systems, Best, The Netherlands) was performed
and assessed by clinical technicians or cardiology residents
according to recommendations of the European Association of
Cardiovascular Imaging (10), ESC guidelines (11, 12) and
standard operating procedure (13). TTE images were digitized
and analyzed using vendor-specific software (GE EchoPAC, GE
Vingmed Ultrasound AS, Horten, Norway; Xcelera, Philips
Medical Systems, Best, The Netherlands; TomTec 2D Cardiac
Performance Analysis, Munich, Germany).

The initial assessment of the valves was performed qualitatively
by a clinical technician or cardiology resident. Semi-quantitative
and quantitative measurements of stenosis or regurgitation were
obtained if indicated, especially if clinical decisions were based
on these findings (11, 12). The results were documented in a
TTE report (10), which were overseen by dedicated imaging
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cardiologists who made corrections if needed to maintain
accuracy and completeness.

The Simpson’s method of disks was used to estimate the LV
volume at both end-diastolic and end-systolic phase from apical
four- and two-chamber views. This method involved tracing the
endocardial border on 2D echocardiographic images of the left
ventricle during these phases, dividing the tracing into multiple
disks (slices), and summing their volumes to obtain the total LV
volume. The LV ejection fraction (LVEF) was calculated by
subtracting the LV volume at end-systole from the LV volume at
end-diastole, and dividing it by the LV volume at end-diastole.
LV dysfunction was defined as mild to severe abnormal LV
function (LVEF <51% for male and <53%
Moderately and severely abnormal LV function were defined as a
LVEF of 30%-41% and <30%, respectively (14).

For the purpose of this study, the LV function and severity of

for female).

aortic stenosis (AS), aortic regurgitation (AR), mitral stenosis (MS),
mitral regurgitation (MR), tricuspid regurgitation (TR), pulmonary
stenosis (PS), and pulmonary regurgitation (PR) were stored in the
registry. Patients were excluded if TTE image acquisition was of
poor quality or incomplete due to missing assessment of LV
function or VHD (10). Multivalvular disease was defined as
regurgitation and/or stenosis in two or more heart valves.
Patients were categorized based on the most severe valve
condition among the valves, which means that patients with both
moderate and severe valvular lesions were classified as having
severe VHD. Impaired renal function was defined as an
estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m?
eGFR was calculated with the
Epidemiology Collaboration (CKD-EPI) creatinine equation (15).

Chronic  Kidney Disease

Obesity was defined as a body mass index of >30 kg/ m*.

2.3. Outcome

The clinical endpoint was all-cause mortality. The end of
follow-up was defined as the last recorded contact with the
tertiary center or the date of mortality.

2.4. Statistical analysis

Results were expressed as mean values with standard deviation
(SD) for normally distributed data, and median with interquartile
range (IQR) for not normally distributed data. Nominal or
ordinal data were expressed with numbers and percentages. The
Shapiro-Wilk test was used to test for normality. The one-way
ANOVA or Kruskal-Wallis test was performed for between

group
A Pearson’s Chi-Square test was performed for categorical

comparisons of continuous data, as appropriate.
variables.

Missing values were imputed by multiple imputation by
chained equation (MICE) with a linear regression model, which
was iteratively performed for 10 iterations. The degree of
multicollinearity between variables was assessed with the variance

inflation factor (VIF) (16). Variables with a VIF greater than 10
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were either dichotomized, centered by subtracting the mean value,
or omitted from multivariable analysis to account for their
collinearity with other variables. Variables with a p-value of p <
0.05 on wunivariable mortality analysis and time-dependent
revascularization and valve

variables coronary

replacement were entered into Cox proportional hazards (PH)

repair or
models with backward selection procedure (p <0.05) based on
the Akaike information criterion. Cox PH analyses were
conducted to examine the association between predictor variables
and mortality. Predictor variables with a prevalence of at least
5% among the patients were included in multivariable analysis.
To evaluate the assumption of PH, Kaplan Meier curves were
inspected and Schoenfeld residuals were calculated (17). Analysis
was performed for the predictor variables VHD, the number of
valves affected and the specific subtypes of VHD (AS, AR, MS,
MR, TR, PS and PR).

Statistical analyses were performed in Python V3.8 and
RStudio V.2022.07.0 (RStudio Team, MA) using
R-version 4.1.3. (R Core Team, Vienna, Austria). P<0.05 was

Boston,

considered statistically significant.

3. Results
3.1. Study population

A total of 2,845 patients with CCS were screened. Among
them, 861 patients were not eligible for inclusion, resulting in a
study population of 1,984 patients, as shown in Supplementary
Figure S1. The proportion of missing data was 3%, as shown in
Supplementary Table S1. The median age of the study
population was 65 years (IQR 57-73), 59% were men and 26%
had a history of myocardial infarction (Supplementary
Table S2). The majority, 54%, had a history of hypertension and
59% of the patients presented with chest pain at the outpatient
visit. A minority of the patients presented with dyspnea (31%).
The most common reported secondary prevention therapies were
antiplatelet therapy (61%), statins (60%) and beta-blockers (52%).
A total of 505 patients (25%) had LV dysfunction, which was
severe in 39 patients (2%), as shown in Supplementary Table S3.

3.2. Concomitant valvular heart disease

No/mild, moderate and severe VHD were present in 1,615
(82%), 325 (16%) and 44 (2%) patients,
(Supplementary Table S3). MR was most the common VHD

respectively

(moderate MR: 176 patients, severe MR: 3 patients) in patients
with CCS, followed by TR (moderate TR: 128 patients, severe
TR: 16 patients), and AS (moderate AS: 64 patients, severe AS:
24 patients). Multivalvular disease was present in 84 patients
(4%). Compared to patients within the group with no/mild
VHD, patients with moderate or severe VHD were significantly
older and had more often hypertension, atrial fibrillation
or flutter, and chronic obstructive pulmonary disease (COPD),
used more often cardiovascular medication (anticoagulants,
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beta-blockers, and

diuretics), had a lower eGFR, and more often LV dysfunction

renin-angiotensin  system inhibitors,
(Supplementary Tables S2, S3). Patients with moderate or
severe VHD had more often surgical aortic valve replacement
(SAVR) in medical history. Patients with no/mild VHD were
more often a current or former smoker and had more often a
family history of coronary artery disease. Chest pain was more
often reported in patients with no/mild VHD, while dyspnea
was more frequently reported in patients with moderate or
severe VHD.

3.3. Follow-up

The median follow-up time of patients was 3.5 years (IQR 1.7-
5.6). During the follow-up period, a total of 654 patients (33%)
received revascularization by coronary artery bypass grafting
(CABG) and/or percutaneous coronary
Follow-up data are shown in Table 1. Patients with severe VHD

intervention (PCI).

received revascularization by CABG (11%) more often compared
to patients with moderate (3%) or no/mild VHD (3%) during
follow-up. Valve repair or replacement was performed in 39
(2%)
replacement (TAVR) was most often performed (26 patients)
followed by SAVR (10 patients). One patient with mild VHD
and 14 patients with moderate VHD received valve repair or

patients during follow-up. Transcatheter aortic valve

replacement during follow-up due to multivalvular disease,
increase in severity, or combined with CABG.

A total of 299 patients (15%) died, of which 91 patients had
moderate VHD and 13 patients had severe VHD. The mortality
curves of patients with moderate and severe VHD showed a
significant overlap and had both higher mortality rates compared
to those with no/mild VHD (Supplementary Figure S2). Based
on the overlap in the mortality curves and low number of
patients with severe VHD (n=44), it was decided to combine
moderate and severe in further analysis (Figure 1).

3.4. Determinants of mortality

In univariable analysis, a number of variables were
in Table 2.
multivariable analysis, moderate and severe combined VHD
[hazard ratio (HR)=1.33; 95% CI 1.02-1.72]
associated with mortality independent of age (HR=1.04; 95%
CI 1.02-1.05), diabetes (HR =1.58; 95% CI 1.24-2.00), current
or former smoking (HR =1.48; 95% CI 1.16-1.88), valve repair
or replacement (HR=1.50; 95% CI 1.02-2.20), COPD
(HR=1.96; 95% CI 1.42-2.70), chest pain (HR=0.68; 95%
CI 0.54-0.85), impaired renal function (HR=1.61; 95% CI
1.27-2.04) and LV dysfunction (HR =1.96; 95% CI 1.55-2.48).
Details are shown in Table 2 and Supplementary Figure S3.

associated with mortality, as shown In

remained

Moderate VHD was associated with increased mortality (HR =
1.4; 95% CI 1.05-1.78), while severe VHD did not show a
significant association with mortality (HR=0.99; 95% CI 0.52-
1.87, Supplementary Table S4).
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TABLE 1 Follow-up of study population.

All patients

10.3389/fcvm.2023.1211322

Moderate VHD Severe VHD | p-value

(n=1,984)

(n=325)

Revascularization®, n (%) 654 (33.0) 517 (32.0) 120 (36.9) 17 (38.6) 0.165
CABG, n (%) 56 (2.8) 41 (2.5) 10 (3.1) 5(11.4) 0.002
PCL, n (%) 622 (31.4) 492 (30.5) 116 (35.7) 14 (31.8) 0.179
Isolated or concomitant valve repair or 39 (2.0) 1(0.1) 14 (4.3) 24 (54.5) <0.001
replacementb, n (%)

SAVR, 1 (%) 10 (0.5) 0 (0.0) 4(12) 6 (13.6) <0.001
TAVR, n (%) 26 (1.3) 1(0.1) 8 (2.5) 17 (38.6) <0.001
SMVR, 1 (%) 1(0.1) 0 (0.0) 0 (0.0) 1(2.3) <0.001
TEER, n (%) 3(0.2) 0 (0.0) 2 (0.6) 1(2.3) <0.001
STVR, n (%) 1(0.1) 0 (0.0) 0 (0.0) 1(2.3) <0.001
SPVR, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) NA
QOutcome, n (%)

Death 299 (15.1) ‘ 195 (12.1) 91 (28.0) 13 (29.5) <0.001

Follow-up of study population.

2Some patients received both coronary artery bypass graft and percutaneous coronary intervention.
One patient with mild and 14 patients with moderate valvular heart disease received valve repair or replacement during follow-up due to multivalvular disease, increase in

severity, or combined with coronary artery bypass grafting.

CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention; SAVR, surgical aortic valve replacement; SMVR, surgical mitral valve replacement; SPVR,
surgical pulmonary valve replacement; STVR, surgical tricuspid valve replacement; TAVR, transcatheter aortic valve replacement; TEER, transcatheter edge-to-edge repair;

VHD, valvular heart disease.

3.5. Mortality and multivalvular disease

Patients with multivalvular disease (unadjusted HR = 3.2; 95% CI
2.4-4.9), had a higher mortality rate than patients with single valve
heart disease (unadjusted HR =1.9; 95% CI 1.5-2.5) and the group
with no/mild VHD (Log-Rank p < 0.005, Supplementary Figure S4).

3.6. Mortality by VHD subtype

Moderate and severe combined AS (unadjusted HR = 1.8, 95%
CI 1.2-2.7), AR (unadjusted HR=1.9, 95% CI 1.1-3.1), MR
(unadjusted HR =2.3, 95% CI 1.7-3.1), TR (unadjusted HR = 2.6,

Survival in CCS patients with and without VHD

10
HR = 2.2, P<0.001
. 09
<
©
> 08
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%1 —— CCS + VHD (n = 369)
1 2 3 4 5 6
Follow-up time (years)
At risk
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CCS + VHD (n = 369) 369 308 267 207 161 127 s

FIGURE 1

Kaplan-Meier mortality curves for chronic coronary syndrome (CCS)
patients with/without valvular heart disease (VHD). In this figure, VHD
is moderate and severe combined VHD. Shaded areas represent the
95% confidence intervals. HR, unadjusted hazard ratio.
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95% CI 1.9-3.5) were associated with mortality (Figure 2). In
addition, moderate and severe combined MS (n=6), PR (n=7)
and PS (n=1) were associated with mortality. In multivariable
analysis, only moderate TR remained a significant predictor of
mortality (HR = 1.6; 95% CI 1.2-2.3, Supplementary Table S5).

4. Discussion

This study in patients with CCS showed that moderate or severe
combined VHD was associated with mortality, independent of LV
function and other covariables. In the 1,984 patients studied,
patients with CCS and moderate or severe VHD had a higher risk
of mortality compared to patients with CCS only, which increased
with the number of valves affected. These findings demonstrate the
importance of echocardiographic assessment of VHD, in addition
to LV function, in CCS patients.

4.1. Valvular heart disease in patients with
chronic coronary syndrome

To our knowledge, this is the first study that investigates the
prognostic value of VHD in patients with CCS. Severe VHD is
an established determinant of mortality for which valve repair or
replacement is recommended by current guidelines (18, 19). We
observed that severe VHD was not an independent determinant
of mortality in patients with CCS. This finding may be explained
by the number of patients with severe VHD (n=44) that may
have been too small to detect a significant effect. Moreover, a
substantial proportion of CCS patients with severe VHD received
a valvular intervention during follow-up (55%) which likely
reduced their mortality risk.
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TABLE 2 Univariable and multivariable Cox regression analysis of variables associated with mortality: moderate and severe combined.

Variable Univariable analysis Multivariable analysis
HR (95% Cl) P-value HR (95% ClI) P-value

Age per year 1.1 (1-1.1) <0.001 1.04 (1.02-1.05) <0.001

Male 1.3 (1-1.7) 0.025

Hypertension 14 (1.1-1.8) 0.0041

Diabetes 1.5 (1.2-2) <0.001 1.58 (1.24-2.00) <0.001

Dyslipidaemia 0.98 (0.77-1.2) 0.85

Current or former smoker 14 (1.1-1.7) 0.0083 1.48 (1.16-1.88) 0.001

Family history of CAD 0.63 (0.48-0.83) 0.0011

Myocardial infarction 1.5 (1.2-1.9) <0.001

PCI 1.2 (0.95-1.5) 0.13

CABG 1.9 (14-2.5) <0.001

Valve repair or replacement 2.4 (1.7-3.5) <0.001 1.50 (1.02-2.20) 0.04

Atrial fibrillation/-flutter 2 (1.5-2.6) <0.001

Stroke 1.6 (1-2.4) 0.032

COPD 3(2.2-4.1) <0.001 1.96 (1.42-2.70) <0.001

Chest pain 0.59 (0.47-0.75) <0.001 0.68 (0.54-0.85) 0.001

Dyspnea 1.3 (1-1.7) 0.019

Obesity 1.0 (0.8-1.3) 0.76

Impaired renal function 2.5 (2.0-3.1) <0.001 1.61 (1.27-2.04) <0.001

Cholesterol per mmol/l 0.95 (0.85-1.1) 0.31

LDL per mmol/l 0.86 (0.76-0.97) 0.018

Triglyceride per mmol/l 1.1 (1-1.2) 0.031

Left ventricular dysfunction 2.7 (2.1-3.4) <0.001 1.96 (1.55-2.48) <0.001

Moderate or severe VHD 2.2 (1.8-2.8) <0.001 1.33 (1.02-1.72) 0.03

Univariable and multivariable Cox analysis. Variables with a p-value of p <0.05 on univariable mortality analysis were entered into the multivariable cox analysis with
backward selection procedure. Moderate or severe VHD was a significant determinant of mortality independent of left ventricular dysfunction and other covariables.
CABG, coronary artery bypass grafting; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; HR, hazard ratio; LDL, low-density lipoprotein cholesterol;

PCI, percutaneous coronary intervention; VHD, valvular heart disease.

We found that moderate VHD was independently associated
with mortality. Potential benefit of intervention on mortality for
patients with moderate VHD is currently subject of debate (20).
Ongoing studies are investigating the impact of both moderate
AS and LV dysfunction (21). The hypothesis that TAVR
improves outcomes in these patients is currently being
prospectively investigated in the TAVR UNLOAD trial (22).
Further prospective investigations are warranted to confirm the
prognostic value of VHD in patients with moderate CCS and
evaluate the impact of early intervention of VHD on mortality
(23). Our findings support the need for improvement of care in
VHD patients, which might be achieved by early valve repair or
replacement. However, the complexity of the interplay between
CCS and VHD on symptoms (24), cardiac damage (25, 26), and
clinical course (27) make appropriate timing of intervention
difficult (28).

Previous studies have investigated the association between
moderate to severe TR and mortality. In 85%-90% of the
patients, TR is caused secondary by left-sided heart failure (18).
We found that moderate TR was independently associated with
mortality in patients with CCS. Several studies have confirmed
that TR is a predictor of mortality independent of LV
dysfunction, pulmonary pressures, and right ventricle dilatation
and dysfunction (29-31). Our findings suggest that TR is a
marker of advanced disease in patients with CCS, which has
more value than merely reflecting the severity of right/left
ventricular dysfunction and pulmonary hypertension (29).
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In this study in two tertiary centers, a significantly higher
number of CCS patients had moderate or severe AS (1 =88), TR
(n=144), and MR (n=179) compared to the general population
with the same or older age (32-34). These relatively high VHD
rates were anticipated in these specialized care centers, in which
more complex medical conditions are seen. Lower rates of VHD
in CCS patients may be expected in non-tertiary centers.

4.2. Pathophysiology

Our study shows that VHD has an incremental prognostic
with CCS, which may have
explanations. Firstly, our findings demonstrate that patients

role in patients several
with both CCS and moderate or severe VHD have more often
risk factors for mortality, including older age, COPD, atrial
fibrillation/-flutter, and a lower eGFR. Secondly, patients with
both CCS and VHD may have more advanced cardiovascular
calcifications, which are observed in atherosclerotic plaque
formation, mitral annular calcification, and aortic artery
calcification (4). These calcifications are strong determinants of
cardiovascular events (35). Thirdly, both CCS and VHD can
cause LV dysfunction through ischemia and LV remodeling,
which may accelerate detoriation of the LV function leading to
end-stage heart failure (7). Further longitudinal research is
necessary to investigate the pathophysiological mechanisms of
VHD in patients with CCS.
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4.3. Clinical implications

The observed independent prognostic value of VHD suggests

it could have a crucial role in the non-invasive risk
with CCS. However, despite the
advantages of TTE, such as low-costs, portability and absence of

that
stratification of patients

radiation (36), TTE may not be performed in all patients with
CCS as recommended in current guidelines. A recent study by
Neglia et al. (37) showed that the diagnostic process was not
according to the ESC guideline in 44% of the patients with CCS.
This finding may have detrimental implications for patients with
(suspected) CCS since undiagnosed and untreated VHD is
associated with heart failure and mortality (34). Therefore,
echocardiography should be performed in all patients with
(suspected) CCS to rule out VHD and other cardiac diseases (4, 38).

The LV function is currently the only recommended
echocardiographic assessed feature for risk stratification in
patients with CCS. The results of this study indicate that
comprehensive echocardiographic assessment of VHD should be
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included in the standard clinical workup of patients with CCS, at
least in those with a normal LV function.

4.4. Study limitations

Several remarks can be made about this study. Firstly, the study
had a retrospective cohort study design that has inherent
limitations. Secondly, to minimize the amount of missing data,
information was extracted from textual notes in electronic
medical records. The cause of mortality was not available for all
patients and was therefore not further differentiated. Thirdly,
valve  calcifications and  quantitative = parameters  of
echocardiography were not evaluated in this study. Fourthly,
there may have been a selection bias in this study as the patients
who underwent TTE may have had a higher a-priori risk of
VHD, which could have influenced the results. Nevertheless, the
included patients reflect a real-life population that were seen at a

tertiary center.
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5. Conclusions

VHD was an independent determinant of mortality in
patients with CCS. This finding demonstrates the need for a
comprehensive echocardiographic assessment of VHD, in
addition to LV function, in CCS patients. Moreover, it
indicates that complete assessment of VHD should be included
in the standard clinical workup of patients with CCS to
improve risk stratification.
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Background: Clinical evidence of transcatheter aortic valve replacement in
patients with type-0 bicuspid aortic valve was relatively scarce.

Aims: Our goal was to explore determinants of device success after transcatheter
aortic valve replacement in patients with type-0 bicuspid aortic valve morphology.
Methods: In this retrospective multicenter analysis, we included 59 patients with
symptomatic severe aortic stenosis with type-O bicuspid aortic valve
morphology who underwent transcatheter aortic valve replacement. Type-0
bicuspid aortic valve was identified with multidetector computed tomography
scans. The technical success rate was 89.8%, and the device success rate was
81.4%. Patients were divided into a device success group and a device failure
group according to Valve Academic Research Consortium- 3 criteria.

Results: When we compared the two groups, we found that the ellipticity index of
the aortic root and the presence of bulky calcifications at the commissure were
statistically different (ellipticity index 357+ 17 vs. 29.7+11, p=0.018; bulky
calcification at the commissure, 54.5% vs. 4.5%, p<0.001). Further multivariate
logistic analysis showed that bulky calcification at the commissure had a
negative correlation with device success (odds ratio 0.030, 95% confidence
interval 0.003-0.285, p=0.002). Yet there was no statistical correlation
between the ellipticity index and device success (odds ratio 0.818, 95%
confidence interval 0.667-1.003, p = 0.053).

Conclusions: The presence of bulky calcifications at the commissure is negatively
correlated with device success after transcatheter aortic valve replacement in
patients with type-0 bicuspid aortic valve.

KEYWORDS

transcatheter aortic valve replacement, bicuspid aortic valve, bulky calcification, device
success, aortic stenosis

Introduction

Twenty-one years have passed since Dr. Alain Cribier performed the first transcatheter
aortic valve replacement (TAVR) (1). TAVR has been shown to be an effective and safe
treatment for low-to-high surgical risk patients with symptomatic aortic stenosis (AS)
compared with surgical aortic valve replacement (2-4). Bicuspid aortic valve (BAV)
occurs in 1%-2% of the population and accounts for 22%-28% of patients over 80 years
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old with AS who need surgery. Due to their special anatomy,
patients with BAV were excluded from previous randomized
controlled trials (5). In 2017, Yoon et al. found BAV patients
after TAVR had a similar 2-year mortality, lower procedural
success, and a higher rate of paravalvular regurgitation (PVR)
compared with patients with a tricuspid aortic valve (6). Forrest
et al. found that the 1-year unadjusted risk of mortality was
lower in BAV patients after TAVR (7), demonstrating that TAVR
was effective and safe in BAV patients.

Type-0 BAV is an aortic valve (AV) morphology with only two
equal cusps and two symmetric sinuses, absent any raphe or fusion
between the leaflets. This classification of BAV was first introduced
by Sievers through observation of 304 surgical specimens (8). Using
the Sievers classification, two special phenotypes can be divided
according to the direction of the cusps within the short axis of
the heart plane, the laterolateral (side-to-side) or anteroposterior
(front-and-back) BAV (9). Thus far,
methods for BAVs have been suggested but none of them have

several classification
shown a correlation with clinical outcomes (9). Moreover, there
is a paucity of data concerning type-0 BAV morphology, which
is less frequently seen in Western populations. We sought to
explore the determinants of device success after TAVR in BAV
anatomy, with a particular focus on type-0 BAV morphology.

Methods
Study design and patients’ selection

Consecutive patients with BAV with symptomatic AS from two
Beijing centers, Fuwai Hospital and Anzhen Hospital, were
included in the study between November 2020 and April 2022.
All patients were diagnosed with severe AS by echocardiography
if they met one of the following criteria: mean transvalvular
(PGmean) of AV >40 mmHg;
transvalvular velocity (Vmax) of AV >4m/s, or AV area
<1.0 cm®. Fifty-nine patients were recognized as type-0 BAV

pressure  gradient peak

through multidetector computed tomography scanning. All data
were analyzed by the core laboratory, and therapeutic strategies
were discussed by the cardiac multidisciplinary team before the
operation. The therapeutic strategies were based on ESC/EACTS
Guidelines and ACC/AHA Guidelines for valvular heart diseases.
For patients who needed CABG or surgical intervention, they
were mostly recommended and accepted cardiac surgery, except
for patients who were judged moderate to severe frailty. For
symptomatic patients with severe AS who were 65-80 years of
age and had no anatomic contraindication to transfemoral
TAVR, either SAVR or transfemoral TAVR was recommended
after shared decision-making. For patients who were >80 years of
age or for younger patients with a life expectancy <10 years and
TAVR,
transfemoral TAVR was recommended in preference to SAVR.

no anatomic contraindication to transfemoral
The study was conducted in accordance with the Code of Ethics
of the World Medical Association (Declaration of Helsinki) for

experiments involving humans.
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TAVR procedures

The procedures were performed as described previously (10).
All procedures were performed with the patients under local or
general anesthesia, with intubation or laryngeal mask airway, in
the hybrid catheterization laboratory. The means of inducing
anesthesia was determined by the anesthetist, based on the
patient’'s  general condition and pulmonary function.
Transfemoral access was the first choice when the femoral artery
was of adequate caliber. Four types of prosthetic aortic valves
were used for TAVR (Supplementary Figure S1), including the
Venus-A (Venus Medtech, Inc. Hangzhou, China), Vitaflow
(MicroPort Scientific Corporation, Shanghai, China), TaurusOne
(Peijia Medical Co, Suzhou, China), and SAPIEN 3 (Edwards
Lifesciences, Irvine, CA, USA). About half the self-expanding
valves were implanted with the new generation of retrievable

delivery systems.

Study end points

The end points of the study were defined according to Valve
Academic Research Consortium- 3 criteria (11). Periprocedural
mortality was defined as death occurring <30 days after the
>30 days but
hospitalization. Device success met all the criteria at 30 days:

index procedure or during the index
technical success; freedom from death; freedom from surgery or
intervention related to the device or to a major vascular or
intended

performance of the valve (mean gradient <20 mmHg, peak

access-related or cardiac structural complication;
velocity <3 m/s, Doppler velocity index >0.25, and less than
moderate aortic regurgitation).

Special notes

Calcification of the leaflet free edge referred to obvious
calcification along the edge, over 2/3 the length of it. Bulky
calcification at the commissure was determined by visual
assessment using multidetector computed tomography transverse
planes and maximum intensity projections. The ellipticity index of
the aortic root was calculated as (long axis/short axis-1) x 100%,
on the plane 5 mm above the annulus. The oversizing ratio was
calculated as (prosthesis nominal perimeter/multislice computed
tomography-derived annular perimeter-1) x 100%. A pacemaker
was implanted if a high-degree of or complete atrioventricular
blocking occurred and lasted for more than 24 h after the
operation. Two special phenotypes of type-0 BAV were divided
according to the direction of the cusps within the short axis of the
heart plane, the laterolateral (side-to-side) or anteroposterior
(front-and-back) BAV. Laterolateral indicates direction of the
cusps is approximately parallel to the direction of the atrial
septum within the short axis of the heart plane. Anteroposterior
means cusps arranged in a front-and-back direction, with the
orifice approximately perpendicular to the atrial septum.
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Statistics

Continuous variables were described as mean + standard
deviation and compared using the unpaired Student t-test, in
case they matched normal distribution. Categorical variables were
described as numbers and percentages and were analyzed with
the 4> test or the Fisher exact test. Variables with p-values < 0.1
on univariate analysis were entered into multivariate logistic
regression models. All statistical analyses were performed using
SPSS version 20.0 (IBM Inc., Armonk, NY, USA) with two-tailed
significance set at 0.05.

Results
Baseline characteristics

Fifty-nine patients were included in the study; 25 of them
(42.4%) were male. The mean Society of Thoracic Surgeons
predicted risk of mortality score was 4.3 +1.7%. The PGmean of
the AV before the operation was 62.7 £ 21.9 mmHg; the ejection
fraction was 52.6 + 15.4%. There were 17 patients (28.9%) who
had moderate or severe mitral regurgitation, and 9 patients
(15.3%) with moderate or severe tricuspid regurgitation. Most
type-0 BAVs had an oval annulus with an ellipticity index of
30.8 +7.6%. Calcification of unilateral or bilateral leaflet free
edges was found in up to 24 patients (40.7%). The ascending
aorta was dilated in most patients, with an average diameter of
44.1+7.0 mm at its widest plane. Two patients had ascending
aorta diameters over 55 mm, but they were too fragile to
undergo cardiac surgery, and we performed TAVR as a
compromise formula. Nine patients’ ascending aorta diameters
ranged from 50 mm to 54 mm, without additional risk factors or
coarctation. Thirteen patients had ascending aorta diameters
from 45 mm to 49 mm, and the other patients had diameters less
than 45 mm. In addition, the coronary ostial height of type-0
BAV patients was relatively high. The average left coronary ostial
height was 15.5+3.4 mm, and the right coronary ostial height
was 16.9 +3.9 mm (Table 1).

Operative procedures and outcomes
In total, 96.6% of the patients were operated on via a

TAVR  via
respectively,

transfemoral access. Two patients underwent

transcarotid and transaxillary accesses, since
transfemoral access was not feasible. Only 1 patient had vascular
complications. Based on the annular perimeters, calcification
distribution and restriction above the annulus, we usually chose
the “downsize strategy”, with a 2.3 +8.1% oversizing ratio. Two
patients died during the perioperative period, including 1 who
had a valve-in-valve implantation because of paravalvular
regurgitation and died of delayed occlusion of the left coronary
artery after the operation. The other patient was discharged from

the hospital in stable condition, and the cause of death was
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TABLE 1 Baseline characteristics.

s

Male 25 (42.4%)
Age, year 69.3+7.0
NYHA grading

1 3 (5.1%)
2 16 (27.1%)
3 36 (61%)
4 4 (6.8%)
STS predicted risk of mortality score, % 43+17
COPD 2 (3.4%)
DM 14 (23.7%)
HP 29 (49.2)
Cr level, umol/L 84.4+235
Prior PCI 3 (5.1%)
Prior CABG 0
Prior cardiac surgery 1 (1.7%)
Peripheral artery disease 3 (5.1%)
Prior stroke/TIA 2 (3.4%)
Atrial fibrillation 10 (16.9%)
Ejection fraction, % 526+154
PGmean of AV, mmHg 62.7+21.9
Vmax of AV, m/s 4.8+1.0
LVEDD, mm 49.0+75
Aortic regurgitation 4 (6.8%)
Mitral regurgitation 17 (28.9%)
Tricuspid regurgitation 9 (15.3%)
Laterolateral direction 47 (79.7%)
Calcification score, mm> 664.4 +561.8
Bulky calcification at commissure 8 (13.6%)

Calcification of free edge

None 35 (59.3%)
Unilateral 21 (35.6%)
Bilateral 3 (5.1%)

Maximum diameter, mm 37.0+59
Minimum diameter, mm 255+4.4
Ellipticity index, % 308+7.6
Annulus diameter, mm 24.4+3.1

LVOT diameter, mm 252+5.0
ST] diameter, mm 33.0+5.0
Ascending aorta diameter, mm 441+7.0
Angle of heart, degree 53.4+11.3
Height of LCA, mm 155+34
Height of RCA, mm 16.9+3.9

AV, aortic valve; CABG, coronary artery bypass grafting; COPD, chronic obstructive
pulmonary disease; Cr, creatinine; DM, diabetes mellitus; HP, hypertension; LCA,
left coronary artery; LVEDD, left ventricular end diastolic diameter; LVOT, left
ventricular outflow tract; NYHA, New York Heart Association; PCl, percutaneous
coronary intervention; PG, pressure gradient; RCA, right coronary artery; STJ,
sinotubular junction; STS, Society of Thoracic Surgeons; TIA, transient ischemic
attack.

unknown. Valve-in-valve procedures were performed in 6
(10.2%) PVR after
deployment of the first valve. (6.8%) had
permanent pacemaker implants after the operation. The technical

patients due to moderate to severe

Four patients

success rate was 89.8%, and the device success rate was 81.4%.
Moderate-to-severe mitral regurgitation or tricuspid regurgitation
was significantly reduced postoperatively (28.9% vs. 13.6%, 15.3%
vs. 5.1%) (Table 2).
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TABLE 2 Procedures and outcomes.

s

General anesthesia 24 (40.7%)
57 (96.6%)
58 (98.3%)

Femoral artery access

Predilation

Type of prosthetic valves

Venus-A 27 (45.8%)
Vitaflow 22 (37.3%)
TaurusOne 7 (11.9%)
SAPIEN 3 3 (5.1%)
Size of prosthetic valves, mm

23 24 (40.7%)
24 12 (20.3%)
26 9 (15.3%)
27 8 (13.6%)
29 3 (5.1%)
30 3 (5.1%)
Oversizing ratio, % 23+8.1
Retrivable delivery system 28 (47.5%)
Vascular complications 1 (1.7%)
Structural complications of heart 0
Valve-in-valve 6 (10.2%)
Surgery 0
Permanent pacemaker 4 (6.8%)
Stroke 0

Technical success 53 (89.8%)

Device success 48 (81.4%)

Perioperative death 2 (3.4%)

Ejection fraction (post-TAVR), % 53.4+12.0
PGmean of AV (post-TAVR), mmHg 16.5+10.8
Vmax of AV (post-TAVR), m/s 22+0.6

PVR (post-TAVR)

1 20 (33.9%)
2 3 (5.1%)

3 1 (1.7%)

Mitral regurgitation (post-TAVR) 8 (13.6%)
Tricuspid regurgitation (post-TAVR) 3 (5.1%)

AV, aortic valve; PG, pressure gradient; PVR, paravalvular regurgitation.

Determinants of device success

Patients with device failure or device success were divided into
2 groups. When we compared the 2 groups, we found no significant
differences in the STS score, medical history, ejection fraction, or
PGmean of the aortic valve. The orientation of the aortic cusps
also did not affect the device success rate. There was no
statistical ~ difference in unilateral or bilateral free edge
calcification and overall calcification scores between the 2 groups.
And we found no difference between early generation devices
(unretrievable delivering systems) and retrievable delivering
systems. It’s worth pointing out 4 patients out of the 31 patients
who used the unretrievable delivering systems underwent a
second valve implantation. Two patients out of the 28 patients
who used the retrievable delivering systems underwent a second
bulky

commissure was found in 54.5% of the patients in the device

valve implantation. However, calcification at the
failure group and in 4.5% in the device success group (Table 3),

implying that bulky calcification had an inverse relationship with
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device success. In addition, the morphology of the aortic root
was more elliptical in the device failure group than in the device
success group (ellipticity 35.7+1.7% vs. 29.7 £1.1%, p=0.018)
(Table 3).

Univariate logistic regression analysis, including age, STS score,
and other factors, showed that bulky calcification at the
commissure and the ellipticity index of the aortic root correlated
with device success. Variables with p-values <0.1 on univariate
analysis were entered into multivariate logistic regression models.
including  bulky
calcification at the commissure, the ellipticity index and

Multivariate logistic —regression analysis,
oversizing ratio as covariates, showed that bulky calcification at
the commissure negatively correlated with device success (odds
ratio, 0.030, 95% confidence interval 0.003-0.285, p=0.002)
(Table 4). A total of 8 patients had bulky calcification at the
commissure, with calcification mostly observed 6-8 mm above

the annulus (Figure 1).

Discussion

TAVR in bicuspid AS has been an important focus of research
in recent years. Due to the lack of evidence in BAV patients who
have undergone TAVR in early large randomized controlled
trials, the long-term prognosis of these patients is still under
discussion. Sievers’ classification can describe the morphology of
the aortic valve but has poor clinical prognostic value. The BAV
anatomical spectrum classification was developed by Michelena
et al, who hoped to provide predictive value for clinical
outcomes (9). Due to the complexity of its classification system,
its clinical application is limited. The correlation with clinical
outcomes needs to be further verified. Yoon et al. found that a
calcified raphe and excess leaflet calcification were associated
with increased risk of procedural complications and 2-year all-
cause mortality (12). This research is the first to focus on the
impact of calcification degree and calcification distribution of
leaflets on clinical outcomes. Calcified raphe mainly exists in
type-1 BAVs, yet for type-0 BAVs with no calcified raphe or
excess leaflet calcification, which factors influence device success
rate or prognosis of the patients is not well answered. Ielasi et al.
compared type-0 BAV and type-1 BAV patients and observed a
higher rate of mean transprosthetic gradient >20 mmHg in
patients with type-0 BAV postoperatively (13). Compared with
type-1 BAVs, type-0 BAVs are more likely to affect the prosthetic
valve’s well dilation. However, the study found no statistical
difference of Valve Academic Research Consortium-2 device
success rate between the two groups. Based on previous studies,
we are interested in patients with type-0 bicuspid aortic stenosis,
and wonder whether TAVR in these populations will differ from
others.

Ascending aorta dilatation was common in our study. In 2022
ACC/AHA Aortic Disease Guideline (14), it is recommended that
in patients with a BAV, a diameter of the aortic root or ascending
aorta of 5.0 cm-5.4 cm, and an additional risk factor for aortic
dissection, surgery to replace the aortic root, ascending aorta, or
both is reasonable, when performed by experienced surgeons in a
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TABLE 3 Characteristics of patients with device success.

Device failure, | Device success, P

10.3389/fcvm.2023.1279687

TABLE 3 Continued

Device failure, | Device success, P

n=11 n=48 value n=11 n=48 value
Male 6 (54.5%) 19 (39.6%) 0.37 Oversizing ratio —-15+29 32+1.1 0.079
Age, year 66.9+2.3 69.9+1.0 0.21 ‘ Retrievable delivery system 6 (54.5%) 22 (45.8%) 0.60 ‘
NYHA grading 056 AV, aortic valve; COPD, chronic obstructive pulmonary disease; Cr, creatinine; DM,
1 0 3 (6.3%) diabetes mellitus; HP, hypertension; LCA, left coronary artery; LVEDD, left
2 4 (36.4%) 12 (25%) ventricular end diastolic diameter; LVOT, left ventricular outflow tract; NYHA,
3 7 (63.6%) 29 (60.4%) New York Heart Association; PCI, percutaneous coronary intervention; PG,
pressure gradient; RCA, right coronary artery; STJ, sinotubular junction; TIA,
4 0 4 (8.3%) o .
transient ischemic attack.
STS predicted risk of 43+04 43+03 0.90
mortality score, %
COPD 1 (9.1%) 1 (2.1%) 034 Multidisciplinary Aortic Team. And in our study, patients with a
DM 3 (27.3%) 11 (229%) ! diameter of the aortic root or ascending aorta of 5.0 cm-5.4 cm,
HP 3 (27.3% 26 (54.2% 0.11 o . .
(27.3%) (54.2%) were excluded from additional risk factors, such as aortic growth
Cr level, umol/L 76.7 5.7 86.2+3.5 0.23 te 03 / i tati “root henotvpe”
Prior PCI T 01%) 2 42%) . rate 0.3 cm/year, aor ’1c coarcta 1o'n .or roo p EI'IO y'pe
Peripheral artery disease 1 9.1%) 2 (4.2%) 1 aortopathy. So they don’t meet the criteria of class 2a indication.
Prior stroke/TIA 0 2 (4.2%) 1 The two patients with a diameter of the ascending aorta of
Atrial fibrillation 3 (27.3%) 7 (14.6%) 0.57 >5.5 cm, who had an STS mortality risk score of >8, were too
Ejection fraction, % 544%53 521+22 0.66 fragile to undergo SAVR and ascending aorta replacement, and
PGmean of AV, mmHg 64.3+9.2 62425 038 eventually chose TAVR as a compromise formula. The
Vmax of AV, M/s >0+04 4801 07 therapeutic ~ strategies were discussed by the cardiac
LVEDD, mm 492427 49.0+1.1 0.94 S -
multidisciplinary team before the final decision. BAV aortopathy
Aortic regurgitation 0.59 be divided i h ail . h di
No 5 (45.5%) 22 (45.8%) can be divided into three dilatation phenotypes: ascending
Mild 6 (54.5%) 22 (45.8%) phenotype (70%), root phenotype (20%) and extended
Moderate 0 4 (8.3%) phenotype. And right-left fusion phenotype of BAV is thought
Laterolateral direction 9 (81.8%) 38 (79.2%) 1 associated with aortic root dilation (9). Whether type-0 BAV is
Calcification score, mm’ 825.6159.8 626.0 +88.5 0.32 associated with one of the dilatation phenotypes is still unknown.
Bulky calcification at 6 (54.5%) 2 (4.5%) <0.001 Most patients in our study had ascending aorta dilatation, but
commissure . . . . .
— not aortic root dilatation. In fact, of the 11 patients with a
Calcification of free edge 0.51 . . . L
None 8 (72.7%) 27 (56.3%) diameter of the ascending aorta >5.0 cm, only one patient didn’t
Unilateral 3 (27.3%) 18 (37.5%) achieve device success because of a second valve implantation. In
Bilateral 0 3 (6.3%) Lei et al’s study, long diameter of the sinus of valsalva is 37.1 +
Maximum diameter, mm 386+ 1.0 36.6+0.9 032 4.2 mm and short diameter is 26.7 +3.2 mm. Data of ascending
Minimum diameter, mm 249+08 25607 0.61 aorta aren’t shown in their study (15). In Yoon et al’s study, the
Ellipticity index, % 357£17 27£11 0.018 proportion of ascending aorta dilatation (>5.0cm) is 2.2%,
Annulus diameter, 255409 242204 021 . .
nhuus cameten mim smaller compared with our study (12). And ascending aorta-
LVOT diameter, mm 267+1.1 24.8+0.7 0.26 X di ¢ 0 BAV is 36.6+4.0 h X
- +
STJ diameter, mm 329+1.1 33.0+0.8 094 major diameter of type 1§ 6.6+ 20 mm, as shown in
Ascending aorta diameter, 432412 44311 0.67 lelasi et al’s paper (13).
mm The device success rate was 81.4% in our study. Six patients
Angle of heart, degree 531+16 534%16 0.93 needed a second valve implantation during the operation and
Height of LCA, mm 16012 154405 0.61 one patient suffered from major vascular complication, leading to
Height of RCA, mm 17810 16706 042 a technical success rate of 89.6%. Two patients had peak velocity
General anesthesia 5 (45.5%) 19 (39.6%) 0.99 . .
3 of over 3m/s 1 month after the operation, two patients had
Type of prosthetic valves 0.77 ) . . ¢
Venus A 5 (45.5%) 22 (458%) severe paravalvular leakage, and two patients died of sudden
Vitaflow 4 (36.4%) 18 (37.5%) death within 1 month. It’s worth pointing out that one of the
TaurusOne 2 (18.2%) 5 (10.4%) patients who died and one of the patients with severe
SAPIEN 3 0 3 (6.3%) paravalvular leakage had undergone second valve implantation.
Size of prosthetic valves, 029 The device success rates ranged from 83.4% to 96.5% in previous
S studies (6, 7, 13). Yoon et al. compared procedural and clinical
= 275 2L tcomes in TAVR for bicuspid vs. tricuspid AS, and found
2 2 (18.2%) 10 20.8%) ou com'es 11'1 ' or 1c1.1sp’1 Vs. r1cu§p1 AS, 'an ’oun
2% 4 (36.4%) 5 (10.4%) TAVR in bicuspid AS had similar prognosis with tricuspid AS,
27 2 (182%) 6 (12.5%) but lower device success rate (6). Type-1 BAV was the major
29 0 3 (6.3%) type in this study, and type-0 BAV accounted for only 12.8%.
30 0 3 (6.3%) The proportion of self-expanding valves accounted for 34.4%,
(Continued)  and balloon-expanding valves were used in more than half the
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TABLE 4 Independent correlates with device success.

Univariate logistic

10.3389/fcvm.2023.1279687

Multivariate logistic

OR (95% ClI) p-value OR (95% Cl) p-value
Male 0.55 (0.15-2.04) 0.369
Age 1.07 (0.96-1.18) 0.211
STS predicted risk of mortality score 1.03 (0.69-1.53) 0.895
Atrial fibrillation 0.455 (0.097-2.146) 0.320
Ejection fraction 0.99 (0.95-1.04) 0.655
LVEDD 0.997 (0.91-1.09) 0.942
Laterolateral direction 0.844 (0.157-4.545) 0.844
Calcification score 0.999 (0.998-1.001) 0.325
Bulky calcification at commissure 0.036 (0.006-0.230) <0.001 0.030 (0.003-0.285) 0.002
Calcification of free edge 2.138 (0.570-8.019) 0.260
Aortic regurgitation 1.243 (0.415-3.728) 0.697
Ellipticity index 0.835 (0.720-0.967) 0.016 0.818 (0.667-1.003) 0.053
Annulus diameter 0.876 (0.712-1.076) 0.206
LVOT diameter 0.922 (0.802-1.061) 0.258
Angle of heart 1.003 (0.945-1.063) 0.931
Oversizing ratio 1.080 (0.989-1.178) 0.086 1.028 (0.911-1.160) 0.657
Retrievable delivery system 0.705 (0.189-2.628) 0.603

Cl, confidence interval; LVEDD, left ventricular end diastolic diameter; LVOT, left ventricular outflow tract; OR, odds ratio; STS, Society of Thoracic Surgeons.

FIGURE 1

Calcification distribution of annulus (A) and bulky calcification at the commissure (B) superior and inferior are the same patients. The bulk calcification
appeared primarily on the plane 6-8 mm above the annulus.
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patients. Furtherly they found lower device success rates in bicuspid
AS mainly appeared when using early generation devices, not
suitable for new generation devices. Forrest et al. also compared
outcomes in patients with bicuspid vs. tricuspid AS undergoing
TAVR. The device success rate for type-0 BAV in the study was
96.5% and all-cause mortality was 1.7%, better results compared
(7). This might be partly due to
improvements in devices and partly due to increased proficiency.

with previous studies
Compared with their papers, our study showed similar all-cause
mortality, but lower device success rate. Reasons for lower device
success rate might be as follows: First, the study groups differed.
We focused on patients of type-0 BAV, which accounted for about
10% of total BAV patients, and these patients had a trend toward
a lower device success rate and a higher rate of mean trans
prosthetic gradient >20mmHg, compared with type-1 BAV;
Second, selecting patients of improper anatomy might be another
reason. Third, using early generation unretrievable delivering
system might lead to inappropriate placement of valves and
increase the risk of a second valve implantation.

How to select a prosthetic valve of proper size is hard for patients
of BAV. Annular-based sizing with minimal oversizing was thought
accurate in BAV, meanwhile prosthesis under-expansion was
common (16). Kim et al. compared annular vs. supra-annular
sizing for TAVR in BAV patients. Supra-annular sizing might result
in divergent size selection in approximately 40% of cases, with
potential worsening in a large proportion of patients (17). Yet
whether the discovery is fit for type-0 BAV needs further
verification. In our paper, we also used annular-based sizing and
the oversizing ratio was 2.3% * 8.1%. Since annulus of most type-0
BAV is elliptical, we wonder supra-annular sizing based on
intercommissure distance may not accurately reflect the structure.

Direction of cusps is an important parameter of type-0 BAV.
Lei et al. assessed the procedural and clinical results of TAVR for
nonraphe bicuspid aortic stenosis with coronary vs. mixed cusp
fusion (15). Nonraphe BAV is similar to type-0 BAV, coronary
and mixed cusp fusion morphology was analogous to
Thirty-day
mortality was 7.0% in the study and had no relationship with

anteroposterior and laterolateral  classification.
cusp fusion morphology. Device success rates were not presented
in the study, but they found need for a second valve was similar
between the two groups. Our research demonstrated the
direction of cusps was irrelevant with device success rates.
Type-0 BAV is different from type-1 BAV in many aspects. The
absence of a raphe and 2 symmetric sinuses means that with TAVR
in type-0 BAV, the prosthetic valve is rarely pushed to one sinus. In
our study, the presence of bulky calcification was found to be an
independent risk factor for device failure. The reasons may be as

The bulky

insufficient expansion of the prosthetic valve or poor adherence

follows: calcification causes displacement or

to the aortic wall, thus resulting in the use of a second valve,
high
postoperative transvalvular pressure gradient. PVR is associated

moderate-to-severe paravalvular regurgitation, or a
with an increased 5-year risk of mortality, and insufficient
expansion of the prosthetic valve may impact device durability
(18, 19). Probably due to the shear stress of the blood, we found

that calcification was mainly present at the free edge of the
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leaflets, in a linear pattern. An elliptical aortic root may also
lead to underexpansion of the prosthetic valve, thereby leading
to the presence of paravalvular regurgitation and high
transvalvular gradients. However, in multivariate logistic
regression analysis, the elliptical index showed no statistical

significance.

Study limitations

This is a retrospective observational study with limited sample,
so the results need further confirmation. Besides, the population we
focused on are type-0 BAV patients, which would reduce the
generalizability of the conclusions. We discussed determinants of
device success in our paper, while determinants of other
endpoints, such as all-cause mortality, were not explored.

Conclusions

This is the first study focusing on patients with type-0 BAV who
underwent TAVR. We found that bulky calcification at the
commissure negatively correlated with device success. Our research
provides a new aspect for cardiac interventionists, to evaluate the
risk of the procedure in this special population. And retrievable
delivering system should be considered once bulky calcification at
the commissure is noticed. However, the sample size of this study
is small and requires verification by larger samples.
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Background: Up to one-fifth of patients continue to have poor quality of life after
transcatheter aortic valve implantation (TAVI), with an additional similar proportion
not surviving 1 year after the procedure. We aimed to assess the value of a new
method based on an integrated analysis of left ventricular outflow tract flow
velocity and aortic pressure to predict objective functional improvement and
prognosis after TAVI.

Methods: In a cohort of consecutive patients undergoing TAVI, flow velocity—
pressure integrated analysis was obtained from simultaneous pressure
recordings in the ascending aorta and flow velocity recordings in the left
ventricular outflow tract by echocardiography. Objective functional
improvement 6 months after TAVI was assessed through changes in a
6-min walk test and NT-proBNP levels. A clinical follow-up was conducted at
2 years.

Results: Of the 102 patients studied, 82 (80.4%) showed objective functional
improvement. The 2-year mortality of these patients was significantly lower
(9% vs. 44%, p=0.001). In multivariate analysis, parameter “(Pressure at
Vmax — Pressure at Vo)/Vmax” was found to be an independent predictor for
objective improvement. The C-statistic was 0.70 in the overall population
and 0.78 in the low-gradient subgroup. All echocardiographic parameters
and the valvuloarterial impedance showed a C-statistic of <0.6 for the
overall and low-gradient patients. In a validation cohort of 119 patients, the
C-statistic was 0.67 for the total cohort and 0.76 for the low-gradient
subgroup.
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Conclusion: This

new method allows

10.3389/fcvm.2023.1215826

predicting objective functional

improvement after TAVI more precisely than the conventional parameters
used to assess the severity of aortic stenosis, particularly in low-gradient

patients.

KEYWORDS

aortic stenosis, transcatheter aortic valve implantation, clinical outcomes, aortic pressure,
flow velocity, left ventricular outflow tract

Introduction

(TAVI)
substantially improves survival and quality of life in most

Transcatheter  aortic  valve  implantation
patients with severe aortic stenosis (AS). Nonetheless, up to
one-fifth of patients continue to have poor quality of life after
TAVI, with an additional similar proportion not surviving 1
year after the procedure (1). However, given the poor
prognosis associated with non-procedural management of
symptomatic severe AS, the decision will usually be made to
proceed with TAVI, even if there is a concern for a sub-
optimal result (2).

Nonetheless, it is important to explore and understand the
factors associated with a sub-optimal outcome to inform
timing of TAVI and/or
adjunctive interventions that may improve the outcomes after
TAVI

Furthermore, the identification of such predictors is important

decisions regarding the optimal

such as particular medications and rehabilitation.
to help in the decision-making when the indication for TAVI
is uncertain because of the risk of futility due to frailty
or relevant comorbidities and in certain cases of low-flow/
low-gradient AS (3, 4).

AS represents a complex, multifaceted set of syndromes that
may present in a range of manners and is not isolated to calcific
degeneration of the aortic valve alone. Each component part of
the system, from the ventricle proximal to the valve to the
vasculature distal, can impact signs and symptoms (5-8). With
such a more inclusive perspective, the indication for and timing
of TAVI could be enhanced, adding precision to the decision-
making process.

A previous study by our group identified a series of variables
related to the aortic valve, left ventricle, cardiac rhythm, and
arterial pulse wave that showed a high predictive value for
functional recovery in patients undergoing TAVT (9).

Continuous cardiac afterload monitoring based on a combined
analysis of flow velocity signal recorded by Doppler and aortic
pressure, the velocity—pressure (VP) loops, has been suggested.
This analysis appeared to provide insights into arterial mechanics
with standard hemodynamic signals recorded in the operating
room (10-12).

We designed an original diagnostic approach based on the
integrated analysis of left ventricular outflow tract flow velocity—
aortic pressure. In this study, we aimed to assess the value of this
approach to predict the objective functional improvement after
TAVTI and thus to estimate the AS burden.

Frontiers in Cardiovascular Medicine

Methods
Population

The present study was performed in a subgroup of population
included in a larger study previously published by our group (9).

All consecutive patients scheduled for TAVI in our institution
who met the inclusion criteria were prospectively included in the
study. The criteria for inclusion are as follows: (1) diagnosis of
symptomatic severe AS (according to guidelines) without
significant regurgitation, (2) indication for TAVI established by
the institutional Heart Team, and (3) undergoing a TAVI
procedure through femoral artery access. Patients who did not
consent or who exhibited cognitive impairment that prevented
them from properly understanding the investigational procedures
were excluded.

Patients who were initially included but presenting severe
periprocedural complications such as coronary obstruction,
annulus rupture, or stroke were finally excluded from the
analysis, given their relevant effect on physiologic measurements
and functional recovery after the procedure. For the same reason,
patients who required permanent pacemaker implantation after
the procedure and showed pacemaker dependence were excluded.

All the procedures were performed in the appropriate setting of
heart
interventions. The local TAVI program was started in 2009 and

a catheterization laboratory dedicated to structural
was mostly based on balloon-expandable prosthetic valves. The
study was approved by the corresponding Institutional Review
Board, and all participating patients signed the informed consent
after proper explanation of the investigational procedures.
Database was completely anonymized.

All patients were monitored in a specific structural cardiology
office, where the clinical follow-up was performed, tests were
applied, and the medical treatment of each patient was optimized
as much as possible.

Pre-procedural and post-procedural clinical
and functional evaluation

The workflow of the study is shown in Supplementary
Figure 1. Once the patients received the indication for TAVI by
the Heart Team, they were evaluated in the outpatient office for
In this wvisit, all the clinical

structural heart interventions.

information was collected, and the functional status of the
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https://doi.org/10.3389/fcvm.2023.1215826
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

de la Torre Hernandez et al.

patient including quality of life and frailty was assessed using
accepted questionnaires [SF-36, EQ-5D, Barthel I, Essential
NYHA the City
Cardiomyopathy Questionnaire (KCCQ)], a 6-min walk test, and
the determination of NT-proBNP
natriuretic peptide) levels in the baseline condition. All clinical

Frailty Toolset, class, and Kansas

(N-terminal  pro-brain
and functional assessment was repeated 30 days, 6 months, and
12 months after the TAVI procedure by the same team and in
the same setting. Transthoracic echocardiography was performed
before TAVI and in subsequent visits after TAVI.

Intraprocedural investigational
examinations

A systematic protocol-specific transesophageal and transthoracic
echocardiographic examination was performed during the TAVI
procedure in all patients before and after prosthetic valve
implantation. The intraprocedural echocardiographic examinations
were performed simultaneously with the invasive central pressure
left
ventricular ejection fraction (LVEF), stroke volume, maximal and

measurements. The following parameters are obtained:
mean aortic valve gradients, energy loss index, pulse Doppler
recording at the left ventricular outflow tract (LVOT), and
continuous Doppler recording through the aortic valve. The
Doppler recordings were generally obtained from the transthoracic
echocardiography except for those few cases in which the
transgastric view provided a more adequate recording.

Invasive pressure measurements in the ascending aorta

were performed with a 5- or 6-Fr pigtail catheter attached to a

10.3389/fcvm.2023.1215826

fluid-filled manometer system. The catheter was inserted through
a femoral 6-Fr introducer sheath (contralateral to the femoral
access for TAVI) with its tip steadily positioned in the middle
portion of the ascending aorta, at least 3 cm over the cusps of
the aortic valve. Invasive aortic pressure recordings were taken at
two different intraprocedural moments, pre- and post-TAVI,
simultaneously with the echocardiographic examinations. An
average of 20 cardiac cycles was used to render the final pressure
measurements.

Construction and analysis of the flow
velocity in LVOT-pressure in ascending
aorta loops

The first step was to align both simultaneous VP records and
create a mesh to obtain the same number of coincident points in
time for velocity and pressure (Figure 1). The resulting images
were processed using the WebPlotDigitizer application (13). The
resulting data were saved in two independent vectors to later face
them and create the loops with a program developed in R. From
the loops, the angles and distances between the points defined by
the maximum and minimum pressure-velocity values were
calculated.

Endpoints and definitions

The objective functional improvement of a patient with AS
after the TAVI procedure was defined as the achievement at

\% 2
| Aorticpressure

LVOT flow

Aortic
Stenosis

FIGURE 1

Construction and analysis of the loops for “flow velocity in left ventricular outflow tract/blood pressure in the aorta.” LVOT, left ventricular outflow tract.

Pressure in
Asceding
Aorta

Pre TAVI

P(Vmax)

v P(Vo)

- N - :vaax N
Flow Velocity in LVOT

= P(Vmax) —P(Vo)
ALPHA ang[e = arctangent P(Vmax) — P{Vo)
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6 months of an increase of at least 10% in the distance covered
during the 6-min walk test or a reduction of at least 50% in NT-
proBNP blood levels with respect to pre-TAVI when this 10%
increase was not evident. In this way, with both criteria, the
potential presence of factors that limit the speed of gait and are
not related to cardiovascular capacity was taken into consideration.

For those patients who died before the 6-month landmark and
after the 30-day evaluation, improvement was based on this
evaluation, but this was considered negative if the patients
suffered from or died of heart failure afterward. Patients who
died before the 30-day follow-up, patients who died because of
heart failure were considered without improvement, and the rest
of the patients who died from other causes were excluded from
the analysis since no functional evaluation was available.
Subjective improvement was considered if patients reported a
positive change in at least one class of the NYHA classification
and/or an increase in at least 10 points in the KCCQ. All
patients underwent a systematic clinical follow-up at 2 years.
Baseline staging of cardiac damage was conducted according to
the classification proposed by Généreux et al. (14).

Statistical analysis

Continuous variables are presented as means + standard
deviations or medians (interquartile ranges) according to the
type of distribution, and categorical variables are presented as
percentages. Distribution was assessed for each variable with the
Shapiro-Wilk test.
compared using the Student’s t-test if they followed a normal

Accordingly, continuous variables were
distribution and by non-parametric tests when this was not the
case. The categorical variables were compared with the chi-
squared test or Fisher’s exact test, as required.

Multivariable logistic regression analysis identified independent
predictors of objective functional improvement post-TAVI. Among
all the clinical, echocardiographic, hemodynamic, and VP loop-
related variables, those that showed a univariate relationship with
an outcome (p<0.2) were entered into the multivariable logistic
regression model. Then, a stepwise elimination analysis was
performed to define a useful subset of predictors.

The Hosmer-Lemeshow test or the likelihood ratio test was
used to evaluate the goodness of fit, that is, the overall
significance of the model. The Nagelkerke R®> was used to
determine the amount of variance of the dependent variable,
which explains the estimated model. This indicates the degree of
usefulness of the independent variables in predicting the
dependent variable. When using prediction models, it is first
necessary to differentiate two subsets of the original sample. One
will be used to estimate the desired model (train data), and the
other will be used to test the estimated model (test data). The R
createDataPartition command allowed us to obtain these sets
from the original sample.

In the presence of unbalanced samples, it is necessary to
balance the set with which the model is to be estimated, that is,
the train data set. To solve this problem, R function ROSE
(Random Over-Sampling Examples), which allowed us to deal
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with binary classification problems in the presence of
unbalanced samples, was used. Because the sample partitions
used for the model estimation phase were random and different
from each other, they led to different estimates of the
prediction model. That is why, to finish with the model
estimation phase, it is necessary to carry out machine learning
techniques known as assembled models. There are different
ways to obtain the assembled model, either by using different
algorithms or by varying the training data obtained by
bootstrapping, for the same algorithm. In this last procedure,
each model has different parameters since it has been estimated
from a different sample in each case. This is the method that
has been chosen to solve the problem that was raised above.
Assembled models are used to more robustly predict an
outcome from multiple models.

The discriminating power of the parameters for predicting
objective functional improvement was assessed by considering
the area under the curve from the receiver operating
characteristic (ROC) analysis. Box and whisker plots were built
to show the baseline and post-TAVI evolution of variables
according to improvement subgroups. Kaplan-Meier curves for
event-free survival were obtained for each group and compared

using the log-rank test and the hazard ratios with 95%

confidence intervals. p-values of <0.05 were considered
statistically ~significant. ~Statistical packages SPSS 25.0, R
programs, and MedCalc Statistical Software version 19.6.4

(MedCalc Software Ltd., Ostend, Belgium) were used during the
course of the study.

Results

Finally, among the 105 eligible patients, 102 consecutive
patients who underwent TAVI and met the inclusion criteria
were included in the study. The baseline characteristics of the
patients are listed in Supplementary Table S1. Approximately
52% were women, and their mean age was 81+6.6 years.
these (80.4%)
functional improvement 6 months after the intervention,

Among patients, 82 presented  objective
whereas 93 (91%) reported a variable degree of subjective
improvement. The changes in 6-min walk test results and NT-
proBNP levels observed after the procedure are shown in
The objective

improvement significantly increased the distance in the walk

Supplementary Figure S2. group with
test and showed a significant decrease in biomarker levels. The
group without improvement experienced no positive changes in
these parameters.

The hemodynamic, echocardiographic, and VP loop-derived
parameters at baseline for both groups, with and without
objective functional improvement, are listed in Table 1. A lower
central systolic blood pressure (SBP) was significantly associated
with clinical improvement at 6 months. The variables that
reflect characteristics of the arterial system, such as pulse
pressure (PP), valve-aortic impedance (Zva), or total arterial
distensibility (SVi/PP), did not show significant differences
between the groups.
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TABLE 1 Baseline parameters according to objective functional improvement after TAVI.

No improvement Improvement
n=20 n=282

SBP (mmHg) 136 + 4 130+3 0.03

MAP (mmHg) 95+3 92+2 0.16
PP (mmHg) 59+4 58+2 0.34
SVi/PP (ml/mmHg) 0.75 +0.23 0.8+0.3 0.60

LVEF (%) 5742 56+ 1 0.20

SVi (ml/kg/m?) 4213 43+2 0.46
Aortic maximal gradient (mmHg) 81+6 86+3 0.51

Aortic mean gradient (mmHg) 48 +4 49+2 0.67
Energy loss index (cm?/m?) 0.48 (0.4-0.63) 0.44 (0.35-0.5) 0.29

Indexed aortic valve area (cm*/m?) 0.42 (0.34-0.54) 0.4 (0.32-0.5) 0.26

Zva (mmHg/ml/m?) 46+13 47+1.7 0.87

VP analysis

ALPHA angle (°) 4.21 (0.6-8) 9.6 (3.9-17) 0.027
BETA angle (°) 77.3 (23.63-86.8) 547 (25.4-84) 0.26

GALA angle (°) 80.78 (36.5-90) 64.6 (48.1-90) 0.61

P(Vmax) — P(Vo) 8.59+1.9 166+1.8 0.004
Vmax 83.01+5.6 80.88 +3.3 0.78

Pmax — P(Vmax) 47 +£27 35+18 0.09

P(Vmax) — P(Vo)/Vmax 0.09 +0.08 0.23+0.19 0.001

MAP, mean arterial pressure; Zva, valvuloarterial impedance, defined as (SBP + mean aortic gradient)/SVi.
Values are mean + SD or medians (25th-75th interquartile ranges), depending on variable distribution.

The baseline values of the parameters derived from the VP
loops are also listed in Table 1. A larger ALPHA angle or the
closely related parameters “(Pressure at Vmax — Pressure at Vo)/
Vmax” and “P(Vmax) — P(Vo)” were all significantly associated
with objective functional improvement at 6 months.

The respective VP loops of patients with and without
objective functional improvement, showing the remarkably
larger values for the ALPHA angle and the P(Vmax)— P(Vo)
difference in the patients experiencing improvement, are
illustrated in Figure 2.

In the multivariate regression analysis, the only variable that
resulted in an independent predictor of objective functional
improvement was the ALPHA angle (OR 1.12, 95% CI 1.0064-
1.2417; p=0.03). Replacing the ALPHA angle value for the

equivalent parameter, “P(Vmax) — P(Vo)/Vmax,” resulted in this
being a unique independent predictor.

The proportional changes observed for the different variables
analyzed in the study after the TAVI procedure according to the
reported objective improvement are presented in Table 2. The
VP loops of one patient at baseline and after TAVI, in whom
objective functional improvement was noted, are illustrated in
Figure 3. The corresponding recordings for pressure and velocity
showed changes in magnitude and time coupling after TAVI.

The discriminative performance of different parameters to
predict the objective functional improvement after TAVI is
described in Figure 4 and Supplementary Table S2. The AUC
was significantly higher for the ALPHA angle and [P(Vmax) — P
(Vo)]/Vmax and also for the closely related P(Vmax)—P(Vo)

Objective Functional Improvement: YES

Pressure in
Ascending Patient X Pre TAVI
Aorta g9
(mmHg) o
fg P(Vmax)
60
50
20 & P(Vo)
30
20
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0
0 10 20 30 40 50 60 70

Flow Velocity in LVOT (cm/s)

FIGURE 2

Velocity—pressure loops at baseline in patients with and without objective functional improvement after TAVI.

Objective Functional Improvement: NO

Pressure in
Ascending
Aorta 149
(mmHg)
120
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100

so P(Vmax)
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50 @

40
20

0
0 10 20 30 40 50 60 70 80 90

Flow Velocity in LVOT (cm/s)
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TABLE 2 Proportional variation of parameters from baseline to post-TAVI
according to objective functional improvement.

n=20

No improvement

Improvement

n=282

p

Variation pre-post

SBP 0.29+0.26 0.37+£0.27 0.32
MAP —0.08 £0.14 —0.03£0.16 0.25
PP —0.14 (—0.26/0.01) —0.06 (—0.24/0.1) 0.55
Aortic maximal gradient —0.7 (—0.77/-0.61) —0.73 (—0.8/-0.62) 0.36
Aortic mean gradient —0.76 (—0.8/-0.69) —0.78 (—0.83/-0.70) | 0.49
SVi 0.08 (—0.02/0.24) 0.05 (—0.13/0.39) 0.55
Zva —0.30 (—0.46/—0.16) | —0.28 (—0.46/—0.12) | 0.55
ALPHA angle 0.09 (—0.45/0.71) —0.60 (—0.84/0.28) 0.03
BETA angle —0.26 (—0.40/0.86) —0.01 (—0.29/1.04) 0.37
GALA angle —0.19 (—0.35/0.52) —0.05 (—0.35/0.56) 0.76
Pmax — P(Vmax) 0.34+0.9 14327 0.006
P(Vmax) — P(Vo) 0.23 (—0.38/1.55) —0.50 (—0.78/0.94) 0.04

The proportion of variation was calculated as (value post—value pre)/value pre.
Values are means + SDs or medians (25th—75th interquartile ranges), depending
on the variable distribution.

compared with the other conventional parameters used in
clinical practice to estimate the severity of AS. These differences
were even more pronounced in the low-gradient AS subgroup,
most of them with a low-flow condition (<35 ml/m?). The cutoff
value for [P(Vmax)—P(Vo)]/Vmax was 0.1 in the overall and
low-gradient groups.

In the long term, the group with objective functional
improvement showed a significantly lower incidence or mortality
(9% vs. 44% at the 2-year follow-up; p = 0.001) (Figure 5).

10.3389/fcvm.2023.1215826

The predictive value of the VP loop-derived parameter [P
(Vmax) — P(Vo)]/Vmax was assessed in a validation cohort of
119 patients. The clinical and procedural characteristics of the
validation cohort are described in Supplementary Tables S3
and 4. Applying the same definition for objective functional
improvement after TAVI, the parameter showed an AUC of 0.67
for the total cohort and 0.76 for the low-gradient subgroup (both
p<0.001).

The summarized results are graphically illustrated in Figure 6.

Discussion

In the present study, the parameters derived from the
integrated analysis of LVOT flow velocity and ascending aorta
pressure resulted in the only independent predictors for objective
clinical improvement at 6 months in patients with severe aortic
stenosis undergoing TAVI.

Namely, the parameter “[P(Vmax) — P(Vo)]/Vmax” resulted
in a predictor for objective improvement in the overall
population and was even more accurate in the low-gradient
subgroup. This parameter outperformed all other conventional
parameters used in clinical practice to estimate AS severity,
particularly in the challenging subgroup of patients with low-
gradient AS.

The calculation of this parameter is not complex since both
aortic and flow velocity recordings include a
simultaneous electrocardiographic recording in the same lead.
Thus, the pressure at Vmax is estimated through the time

pressure
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FIGURE 3

(A) Velocity—pressure loops at pre- and post-TAVI stages in a patient with significant objective functional improvement after the procedure.
(B) Corresponding recordings for pressure and velocity showing changes in magnitude and time coupling after TAVI.
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between peak R-wave and peak Doppler flow velocity applied to the
pressure curve, and the pressure at Vo is equivalent to the diastolic
pressure. We do not have a clear pathophysiological explanation
for the relationship between this parameter and the true
hemodynamic load imposed by aortic stenosis (estimated from
the functional improvement patients experience after valve
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FIGURE 5
Cumulative incidence of mortality in the subgroups with and without
objective functional improvement.
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replacement). However, we are convinced that this parameter
reflects the interaction, throughout the ventricular ejection phase,
between the flow velocity proximal to the valve (at the LVOT)
and the dynamics of pressure just distal to the valve (aortic root).
This multidimensional integral nature, which contemplates
pressure, velocity, and time, explains its additional value with
respect to pressure parameters such as the gradient, which are
unidimensional.

Vallée and colleagues described aortic velocity—pressure loops
and a series of angles derived from them (ALPHA, BETA, and
GALA) as an estimate of ventriculoaortic coupling that is easily
monitored during surgical interventions, obtaining a continuous
measurement of left ventricular afterload (10-12). In the study
by Hong et al., to build the VP loop in the ascending aorta, the
aortic velocity was measured immediately after the acquisition of
invasive pressures at the center of the LVOT with close attention
paid to obtaining an angle of the Doppler signal to aortic blood
flow close to 0° (11). Noteworthy, in studies aimed to measure
the valvuloarterial impedance in patients with AS using magnetic
resonance imaging, flow measurement is routinely performed at
the LVOT or just above the valve (15, 16). The
measurement in the LVOT, where complex flow is less

flow

prominent, is thought to provide a more accurate measurement
of forward flow (17).

In our study, an original new design was proposed to assess
the effect of aortic stenosis in which flow is measured in the
LVOT and pressure in the ascending aorta, so it is plausible
that the ALPHA angle or [P(Vmax) — P(Vo)]/Vmax could be
largely representing the effect of the valvular component of the
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relevant prognostic effect

Parameter “(Pressure at Vmax — Pressure at Vo)/Vmax" derived from the integrated analysis of flow velocity in the left ventricular outflow tract and
blood pressure in the aorta at baseline results in a more accurate predictive factor for objective functional improvement after TAVI in the general
population with aortic stenosis and the low-gradient aortic stenosis subpopulation. The calculation of this parameter is simplified through the
electrocardiographic recordings in simultaneous pressure and Doppler tracings. The objective functional improvement after TAVI portends a highly

afterload. Thus, patients with clinical improvement at 6 months
had significantly higher values at baseline than those who did not
improve.

The conventional echocardiographic parameters such as the
indexed aortic valve area, energy loss index, and peak or mean
aortic gradients were not significant predictors. The delayed time
to peak velocity also did not show any independent predictive
value (18).

Briand et al. described the concept of valvuloarterial
impedance (Zva) to quantify the global afterload in aortic
stenosis since this variable took into account the valve and
arterial load components (5). However, the valvuloarterial
impedance did not result in an independent predictor when
entering the VP loop parameters in the regression model.
Furthermore, its predictive value was poor compared with the
VP loop-derived values.

Patients with low-gradient/low-flow AS, particularly with low
ejection fraction, have a significantly worse medium-term to
long-term survival compared with all other patients undergoing
TAVI (19). In this setting, a low-dose dobutamine stress
echocardiography is recommended to distinguish between true
severe and pseudosevere aortic stenosis. However, after TAVI, the
absence of contractile reserve at baseline in this test was not
associated with any negative effect on clinical outcomes or LVEF
changes at follow-up (19). Cardiac tomography assessment of the
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degree of valve calcification provides important additional
information (20). Nonetheless, given the poor prognosis with
medical treatment, TAVI should be considered an option in
certain patients with low-gradient AS. Therefore, it is important
to know the parameters that allow identifying patients who may
benefit from the intervention.

In our study, the patients with low-gradient AS who
underwent TAVI had had diagnostic confirmation of the
severity of the stenosis, in some cases after dobutamine stress
echo or after considering a high degree of valve calcification on
tomography. Nonetheless, in these patients, valve calcification
had no predictive value for functional improvement after TAVI.
Remarkably, the VP loop parameters showed a notable
discriminatory value in the low-gradient population regardless
of the stroke volume, clearly better than the yielded by valve-
related echocardiographic measurements or the valvuloarterial
impedance.

The contribution of this study is original and provides an
additional value with respect to the previous study of our group
since this study investigates the value of an integrated analysis of
LVOT flow velocity and aortic pressure, measured non-invasively
and invasively, respectively, in the assessment of aortic stenosis.
This true novel approach could have by itself a high potential
value in defining the hemodynamic burden imposed by aortic
stenosis. In contrast, the previous study included a series of
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conventional parameters well known in clinical practice (9). Thus,
the new proposed method seems to outperform any of those
conventional parameters.

These findings should be prospectively validated in a larger
population of patients currently treated with TAVIL The
development of software capable of facilitating the integrated
analysis of pressure and Doppler tracings would be welcome. In
addition, the use of central pressure recordings estimated by
non-invasive techniques would allow a broader implementation
of this type of analysis (8, 21).

Limitations

This study contains several limitations. First, the sample size of
the cohorts limits the statistical power of the study. The fact that
most patients presented clinical improvement at 6 months has
meant that the sample is unbalanced, which required machine
learning techniques to try to correct the regression analysis
outcomes. Anyway, the predictive superiority of the VP loop
parameters over the conventional metrics used to estimate AS
severity was evident in this study. In addition, the predictive
power of these parameters was prospectively validated.

The definition of objective functional improvement was specific
to the study and, although well thought out, may be questionable.
However, it was sufficiently precise and, at the same time,
conservative, as confirmed by seeing how the group considered
post-TAVI
performance in the walking test and the absence of changes in

without improvement showed even worse
heart failure biomarkers. In addition, the classification also
showed important prognostic implications. The assessment time
of 6 months can be discussed; however, we know from previous
studies that the improvement after TAVTI is rapid, being evident
even at 30 days (22, 23). On the other hand, a later evaluation,
especially in an elderly population, may be affected by the
concurrence or progression of other unrelated pathological
processes, such as coronary artery disease or certain comorbidities.

These results are certainly applicable to the profile of patients
included in the study, who are patients with degenerative-
calcified aortic stenosis, most of whom have tricuspid anatomy
and a minority have bicuspid anatomy. Therefore, the results
could obviously be applicable to patients undergoing aortic valve
replacement surgery. The validity of the method in bicuspid
stenosis or in rheumatic stenosis could be defended taking into
account that the pathophysiological effects of aortic valve stenosis
would be comparable.

In methods, it is indicated that patients who were initially
included but presenting severe periprocedural complications such
as coronary obstruction, annulus rupture, or stroke were finally
excluded from the analysis, given their relevant effect on
physiologic measurements and functional recovery after the
procedure. The aim of the study was to establish pre-procedural
predictors of objective functional improvement since these are
the ones that would be of value to help in the decision-making
when the indication for TAVI is uncertain. With regard to
comorbidity and frailty, all were included in the predictive
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model. The fact is that the clinical selection process prior to
indication already excludes those with very high frailty or severe
comorbidities that seriously compromise the patient’s short-term
future and make the transcatheter aortic valve implantation
(TAVI) procedure futile.

The rate of missing data was extremely low. This is a series of
limited sizes, from a single center with a systematic prospective
database. All patients belong to our regional public health system
and are therefore perfectly traceable. In addition, all patients in
the TAVI program are followed up in our department.

The application of this method in clinical practice would
require the use of specific software, but it is not complex and
could be developed without great difficulty.

Conclusion

The integrated analysis of the left ventricular outflow tract flow
velocity and aortic pressure allows us to predict the degree of
objective functional improvement after TAVI and thus to
estimate the aortic stenosis burden more precisely than the
conventional parameters used to assess the severity of aortic
stenosis, particularly in low-gradient patients.
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Case Report: The woman with
the big heart—an imaging-gquided
attempt of surgical reduction

Katharina Huenges'™, Patrick Langguth®, Christina Grothusen®’,
Grischa Hoffmann', Julia Kapahnke', Assad Haneya',
Jorg Strotmann® and Jochen Cremer'

'Department of Cardiovascular Surgery, UKSH Kiel, Kiel, Germany, ?Department of Radiology and
Neuroradiology, UKSH Kiel, Kiel, Germany, *Internal Medicine |, St. Johannes Hospital Dortmund,
Dortmund, Germany, “Department of Cardiology, Stadtisches Krankenhaus Kiel, Kiel, Germany

In a female patient with acute cardiac decompensation, an auxiliary finding of a giant
left atrium emerged. The surgical therapy of the atrial reduction, in addition to a mitral
valve replacement and a coronary artery bypass grafting, is hereby presented.

KEYWORDS

mitral, mitral valve, atrial, cardiac surgery, imaging

Introduction

Atrial reduction surgery is not commonly performed in the daily cardiac surgery
routine. There have been only very scarce data of cases and techniques published so far
(1-3). In this patient, the preoperative imaging provided a safe surgical planning, and a
relevant reduction of the atrial size was possible.

Case description

A 72-year-old female patient with a giant left atrium was presented to our department.
Permanent atrial fibrillation has been known for the past 13 years. Due to severe cardiac
decompensation, the patient had to be admitted to an external cardiology clinic. The
chest x-ray at the admission date showed a severe mediastinal enlargement (Figures 1A,
B). Echocardiography revealed a massive biatrial dilatation, with a pronounced dilatation
of the left atrium and intra-atrial thrombus masses were detectable. The left ventricle
(LV) function was normal. Transthoracic and transesophageal echocardiography were not
able to reliable measure the atrial dimensions possibly due to beam width limitations.
Further examinations revealed a severe mitral regurgitation with secondary pulmonary
hypertension, a moderate tricuspid regurgitation, and a two-vessel coronary artery disease.
A significant left anterior descending (LAD) stenosis was treated interventionally with a
drug eluting stent (DES) implantation, but a moderate circumflex artery stenosis
remained untreated. The decision for the LAD intervention was made by the external
cardiologist due to the decompensated condition of the patient. Anticoagulation was
performed with edoxaban, but still, left atrial thrombus formation was detectable
(Figure 2A, Supplementary Video S1). The mitral regurgitation was due to degeneration
of the anterior and posterior leaflets (Carpentier IIla, Figure 2B), and an additional
annular calcification was notable. Optimized heart failure medication was given, and after
careful recompensation, the patient was transferred to our department for surgical
therapy. Anticoagulation therapy was switched to therapeutic low-molecular-weight heparin.
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FIGURE 1

(A) Chest x-ray prior to surgery, (B) lateral chest x-ray prior to surgery, and (C) chest x-ray after surgery.

FIGURE 2

(A) Left atrium (LA) with thrombus formation two-chamber view and (B) mitral regurgitation.

Computed tomography (CT) with additional CT angiography
was performed for better understanding of the cardiac structures.
With the CT scan, the left atrial dimensions were measurable,
the axial diameter was 12.5cmx 15cm, and the volumetric
1,204 ml  (Syngo.via VB60A,
Healthineers, Erlangen, Germany) (Figure 3).

calculation showed Siemens

Case report timeline

-13 years: atrial
fibrillation

day 1: PCI LAD

day 0: admission
external clinic
cardiogenic
decompensation

day 14: transfer
to the cardiac
surgery hospital
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day 16: cardiac
surgery

90

Surgical technique

Cardiac surgery was performed in standard fashion with
general anesthesia, using median sternotomy as the approach.
For the heart-lung machine, bicaval venous cannulation and
aortic direct cannulation were applied. In moderate aortic
atherosclerosis, cautious aortic cannulation and cross-clamping
were necessary. Antegrade and retrograde blood cardioplegia
were used as it is our standard cardioplegic approach.

day 16-21: ICU
ward, hypoactive
delirium

day 17: POD 1
extubation

day 21: transfer
to external
cardiology clinic
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Volume 1204,25 cm3

FIGURE 3

(A) CT scan prior surgery, (B) left atrial 3D volumetric measurements, and (C) left atrial (green) intrathoracic 3D dimensions

The left atrium was opened via the interatrial sulcus. For
improved vision, a retractor was inserted. The distance between
the left and right pulmonary veins was over 10 cm. Close to the
left atrial appendage, a 2 cmx 1.5 cm x 1.5 cm white thrombus
was found and extracted. For reduction of the atrium, a
longitudinal incision was made between the area of the coronary
sinus until the middle line between the pulmonary veins and a
tissue reduction of 3-4cm was performed and with a 4-0
Prolene suture using the double-running technique. A second
oblique oval-shaped excision of 6 cm x7 cm of tissue parallel to
the atrioventricular grove was performed with the same
suturing. With these two incisions and steps of tissue removal,
a relevant reduction of the atrial dimension was possible. The
surgery was continued by aortocoronary bypass grafting of the
first marginal branch of the circumflex coronary artery using a
venous graft. It was followed by a mitral biologic valve
replacement (33 mm Hancock II, Medtronic) as reconstruction
of the native mitral valve was not feasible due to severe
annular sclerosis.
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Under catecholamine and inotropic support, the patient was
transferred to our intensive care unit. After careful weaning,
extubation was possible on the first postoperative day. Due to a
slight hypoactive delirium, ICU observation was necessary for the
first 5 days, and in a stable hemodynamic situation, the patient
was then transferred to the external cardiology department for
further treatment.

Echocardiography revealed a competent mitral valve prosthesis
without any paravalvular leakage, the left atrium seemed to be
reduced, but still a reliable measurement was not possible.

A follow-up computed tomography was performed 2 weeks
after the surgery due to still slightly impaired renal function,
this time only as a native CT scan without contrast agent. The
size of the left atrium was reduced optically, and careful
estimation showed a 30%-40% reduction of the atrial size due
to surgery. However, after the radiological analysis and
reconstruction, the left atrial reduction was approximately over
50% of the atrial initial size (volume before: 1,205 ml; volume
after: 582 ml).
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After an initial very promising course after the surgery, the
patient developed COVID-19 significantly 3 months after the
surgery and had to be rehospitalized, but from the cardiac
aspects, the patient showed no complications.

Discussion

Atrial reduction surgery is not commonly performed in the
daily cardiac surgery routine. There have been only very scarce
data of cases and techniques published so far (1-3). The main
reason is that even if mitral valve regurgitation or tricuspid valve
regurgitation is severe and ongoing for many years, it is not
invariably leading to giant atria. After correction of the heart
valve pathology, until a certain degree, an atrial re-remodeling
can occur with an autonomous reduction of the atrial size.

In our patient, we did see a giant left atrium, and even after the
mitral valve surgery, remodeling with a significant atrial reduction
was not very likely. Since intra-atrial thrombus formation had
already occurred despite anticoagulation therapy, we did see the
With the CT
reconstruction, a safe operative plan for the surgery was possible.

need for an attempt of atrial reduction.
The reduction technique applied in this case led to a relevant
decrease in left atrial size. The choice of the tissue reduction line
has the potential for a safe reduction without changing the native
normal atrial configuration. Sparing the superior atrial wall
(compared to the plication techniques) further reduces the risk of
permanent atrioventricular node disorders.
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The added value of
three-dimensional transthoracic
echocardiography in

mitral annular disjunction:

a case report

Konstantinos Papadopoulos', Ignatios Ikonomidis® and
Mani A. Vannan®

'Echocardiography Laboratory, European Interbalkan Medical Center, Thessaloniki, Greece,
2Echocardiography Laboratory, 2nd Cardiology Department, Medical School, Attikon University
Hospital, National and Kapodistrian University of Athens, Athens, Greece, *Structural and Valvular
Center of Excellence, Marcus Heart Valve Center, Piedmont Heart Institute, Atlanta, GA, United States

Background: Mitral annular disjunction (MAD) refers to the arrhythmic mitral
valve prolapse (MVP) syndrome associated with ventricular arrhythmias and
sudden cardiac death. Although the pathophysiology of this disease is still
under investigation, specific imaging criteria that establish the diagnosis have
been recognized. In this article, we demonstrate most of these criteria using
three-dimensional transthoracic echocardiography (3D-TTE) and provide
added value in the management of MAD syndrome.

Case presentation: A 50-year-old male patient with recent syncope and a history
of mitral regurgitation (MR) and MAD was admitted to our clinic for further
investigation. According to our protocol, the patient underwent a complete
3D-TTE, laboratory blood exams, and 24 h ambulatory electrocardiogram (ECG).
Our investigation confirmed the presence of MAD syndrome with bileaflet
prolapse, severe MR, and non-sustained ventricular tachycardia, necessitating an
implantable cardioverter defibrillator (ICD) and surgical mitral valve repair. The
3D-TTE analysis of the mitral valve demonstrated mitral annular systolic
expansion and systolic flattening of the saddle-shaped annulus and quantified
the extent of the disjunction arc. Additionally, four-dimensional (4D) strain
analysis of the left ventricle revealed the presence of fibrosis of the
posteromedial papillary muscle and basal inferolateral wall, which are variables
that are required for the diagnosis and therapeutic management of MAD syndrome.
Conclusions: 3D-TTE and 4D strain offer valuable insights for diagnosing and
managing patients with MAD syndrome. This method seems to correlate well
with the other imaging modalities and could be included in the management
protocol of MAD syndrome.

KEYWORDS

MAD syndrome, 4D strain, 3D echocardiography, arrhythmic mitral valve prolapse,
case report

Introduction

MVP is one of the most common valvulopathies with a normally benign course. It
affects 2%-3% of the general population and surgical repair is the gold standard
treatment (1-3). Less than 1% of the patients with MVP present with malignant
arrhythmias and experience sudden cardiac death (4, 5). Extent research from autopsies
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has recognized an entity that correlates with ventricular
arrhythmias called mitral annular disjunction (MAD). MAD is
characterized by the separation of the hinge point of the
posterior mitral leaflet from the posterior ventricular wall,
systolic expansion and flattening of the annulus, curling motion
of the basal inferolateral left ventricular (LV) wall, and the
presence of segmental fibrosis of the posterior wall or the
posteromedial papillary muscle (PM) (6, 7). The standard
echocardiographic approach starts with a parasternal long-axis
view for evaluation of the aforementioned findings. A distance of
the posterior leaflet from the LV wall of >5mm is considered
pathognomonic for the presence of MAD. Typically, patients
with  MAD have Barlow’s disease or bileaflet prolapse with
myxomatous degeneration. Further TTE analysis should include
tissue Doppler imaging for the “Pickelhaube” sign (high-velocity
spike of the lateral mitral annulus, >16 cm/sec) and speckle
tracking analysis for assessment of the mechanical dispersion of
the LV (the standard deviation of contraction duration of LV
segments, normal median values = 21 msec) (8, 9).

The gold standard method for diagnosing MAD syndrome is
cardiac magnetic resonance imaging (CMR) due to its higher
spatial resolution capable of detecting MAD of even >2 mm.
Additionally, it can confirm the presence of fibrosis and scarring
(LGE) (10, 11).
Echocardiography remains the first-line diagnostic method for

through late gadolinium enhancement
patients with MVP. Several publications have already described
the imaging findings of MAD wusing 3D transesophageal
echocardiography (TEE), computed tomography (CT), and CMR
(12-14). However, since 3D-TTE is less invasive than TEE and
less costly than CMR and cardiac CT, it can be considered the
preferred method when feasible. This study aims to give the
methodology of how to evaluate the dynamic changes of mitral
annulus in MAD syndrome with 3D-TTE and search for
myocardial fibrosis with 4D strain. To our knowledge, this is the
first described MAD case in the literature evaluated using 3D-TTE.

Case presentation

Patient clinical and echocardiographic
characteristics

A 50-year-old male patient with mitral regurgitation (MR) and
MAD previously diagnosed with CMR was referred to our clinic
due to a recent syncopial episode. TTE revealed severely dilated
left heart chambers (4D left ventricular end-diastolic volume
(LVEDV) =218 ml, left atrial volume index (LAVI) >48 ml/m?)
with an LVEF of 57%, bileaflet prolapse of the mitral valve,
severe MR [effective regurgitant orifice area (EROA) 60 mm?,
regurgitant volume (RV) 117 ml], and a 12 mm displacement of
the hinge point of the mitral annulus from the posterior
1A,B). Further complete 3D-TTE
analysis of the patient was performed to demonstrate the

ventricular wall (Figures

imaging findings of MAD syndrome (Figures 1C,D). A previous
CMR examination of the patient had reported LV dilatation with

almost identical volumes and EF to TTE (EDV =217 ml,
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EF =59%), the presence of MAD of 10 mm displacement, and
the presence of myocardial fibrosis of the basal inferolateral wall
(Figure 2). Due to our protocol for patients with syncope, we
performed a 24 h ambulatory electrocardiogram (ECG) that
revealed episodes of monomorphic and polymorphic non-
sustained ventricular tachycardia (Figure 2). In accordance with
the management algorithm of the recently published EHRA and
EACVI consensus document for MAD syndrome (15), the
patient was treated with surgical mitral valve repair and
implantable cardioverter defibrillator (ICD) implantation.

3D transthoracic echocardiography analysis

The 3D-TTE examination was performed with the GE Vivid
E95 echo machine (GE Vingmed Ultrasound, Horten, Norway),
using the 4Vc probe, and all data were stored in the EchoPAC
v.203 workstation.

Advanced LV assessment and 4D strain analysis values were
performed with the dedicated AutoLVQ application, using a full-
volume apical four-chamber view, focused on the LV, with a
frame rate of >25 vps. Global LV strain values were overall
—21%,
circumferential strain at —20%, radial strain at 69%, and area
strain at —40%.

segment were reduced, confirming the presence of the fibrosis

normal. The longitudinal strain was measured at

The strain values of the basal inferolateral

detected in the MRI examination of the patient. The segmental
radial strain was measured at 35% (normal values at 43.2 +
4.5%), strain at 24% (—36.5+3.9%) (with
segmental values of —47 and —56%), and circumferential strain
at 18% (—30.3+4.0%), while the longitudinal strain was
preserved at —22% (—21%0.6%) due to the hyperdynamic

area adjacent

motion of the basal posterior wall (16) (Figure 3).

Advanced mitral valve assessment was performed with the
AutoMVQ method that provided the measurements of the
leaflets and the annulus, using an apical four-chamber view,
focused on the mitral valve with 4D zoom and a frame rate of
>12 vps. By default, AutoMVQ creates the mitral valve model
using a middle reference frame between end-diastole and end-
systole. Since the requested information for MAD syndrome is
the dimension changes between diastole and systole, we had to
manually adjust the systolic and diastolic frames twice and
provide two different mitral valve quantification (MVQ) models.
A direct comparison of the systolic and diastolic models allows
us to understand the dynamic annulus changes in MAD
syndrome. In our patient, this method confirmed (1) the
flattening of the saddle-shaped annulus during the systole and
(2) the systolic expansion. In particular, the annulus area increased
from 14.6 cm?® to 23.2 cm?, the perimeter from 13.7 cm to 17.2 cm,
the anteroposterior diameter from 3.4cm to 4.8 cm, and the
commissural diameter from 4.2cm to 5.5 cm. Meanwhile, the
annulus height decreased from 114cm to 7.0 cm (Figure 4).
The disjunction arc of the valve was easily demonstrated by an “en
face” 3D ventricular view of the mitral valve where the extent of
the arc was assessed by measuring the circumference of the
posterior annulus involved within the disjunction. Volume
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FIGURE 1

(A,B) Mitral annular disjunction (MAD) demonstrated by 4D and 2D transthoracic echocardiography (TTE), 12 mm of distance from posterior left
ventricular (LV) wall, indicated with yellow line, and (C,D) extent of disjunction arc seen with two different orthogonal volume rendering views,

indicated with yellow arrows

rendering views can reveal the actual part of the free posterior wall
of the left ventricle that is separated from the annulus and the
atrium (Figures 1C,D).

Discussion

Recognition of MAD syndrome with myocardial fibrosis is of
major importance, as it has been correlated with malignant
arrhythmias and sudden cardiac death (4, 17). Patients with
myxomatous mitral valve disease should be investigated for the
presence of MAD (18). This information is also important when
planning surgical repair for such patients, as the surgeon may
need to use longer stitches and stabilize the annulus ring close to
the posterior wall of the left ventricle (19, 20). The advantage of
CMR with its high
simultaneously assess the morphology and the dynamics of the
mitral valve, the volumes and performance of the left ventricle,

spatial resolution is the ability to

and the presence of myocardial fibrosis (12, 13, 21). If it is
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feasible to appreciate most of these variables with the less
invasive and costly 3D-TTE, then CMR might not be the first-
line method in the future.

In this MAD case, we have presented the methodology of how
to evaluate the dimensions and the dynamic changes of the mitral
annulus with 3D-TTE. The MVQ method is widely recognized
providing detailed information on the dimensions of the mitral
valve, which correlates well with cardiac CT and has already
proven its value in the management of MR (6, 22). 3D-TTE
and 3D-TEE also correlate well (23), making transthoracic
echocardiography reliable for giving accurate MVQ measurements.
Previous published studies have only included MAD patients
evaluated by TEE. Since our routine practice stands on
transthoracic echocardiography and we aim to provide diagnosis
with the minimum radiation exposure (instead of cardiac CT),
cost (instead of CMR), and minimally invasive way (instead of
TEE), 3D-TTE emerges as the most attractive alternative method.
In our case, 3D-TTE was able to demonstrate most of the required
imaging characteristics of MAD syndrome.
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FIGURE 2

(A) Monomorphic and polymorphic ventricular tachycardia in 24 h ambulatory electrocardiogram (ECG) and (B) cardiac magnetic resonance imaging

(CMR) with fibrosis detection of the basal inferolateral wall

FIGURE 3
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Four-dimensional strain analysis showing abnormal values of circumferential, area, and radial strain of the basal inferolateral wall.
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A standard 2D parasternal long-axis view was the first image
that was used to confirm the presence of MAD syndrome by the
“uncoupling” of the posterior ventricular wall from the hinge
point of the posterior mitral annulus. A distance of more than
5 mm is usually considered to be diagnostic for the presence of
MAD (14). 3D-TTE was able to provide detailed information
about the presence and extent of the disjunction arc, the systolic
expansion, and the flattening of the saddle-shaped annulus. The
extent of the disjunction arc correlates with the severity of MR
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and the abnormal dynamics of the valve (6). It is well established
from previous publications (6, 13, 24) that at the end-diastole,
with the
anteroposterior diameter and annulus area presenting the greater

the annulus dimensions are at their maximum,

change. Physiologically, the annulus contracts rapidly at the early
systole and then starts to expand. In normal subjects, the
end-systolic annulus area is smaller than the end-diastolic one
(6). Patients with myxomatous valve disease have larger annulus
dimensions, the valve expands even more at the late-systolic
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FIGURE 4

mitral annulus.

Diastolic (A) and systolic (B) mitral valve quantification (MVQ) models showing the dynamic changes and the systolic expansion and flattening of the

Annulus

period, but the overall annulus area does not reach the
end-diastolic measurements (6, 25). In MAD syndrome, on the
other hand, the baseline dimensions of the annulus are increased.
There is still early systolic contraction of the valve, but,
with
Manual

there is annulus,
that (25).
adjustments of the standard MVQ methodology were able to

afterward, overexpansion of the

dimensions exceed the diastolic ones
appreciate the systolic expansion and flattening of the annulus by
and height changes

throughout the cardiac cycle. The two frames that we used were

measuring all annulus dimensions
the end-diastolic and end-systolic ones to be in agreement with
previous publications that analyzed the annulus dynamics.

The 4D strain method was further used to give information
about the presence of ventricular myocardial fibrosis and was
included in the management algorithm of the patient (26).
Segmental basal inferolateral wall strain values were significantly
reduced especially the area strain which is a parameter that can
be evaluated only with 4D strain. Since in MAD there is
segmental hypercontractility of the basal inferolateral wall, 2D
strain/speckle tracking evaluation of longitudinal strain is of
limited value as longitudinal deformation is increased in this part
of the LV and radial and circumferential 2D strain values are not
reproducible since it is easy to make errors due to variable/off
axis plane selection and through-plane motion (27). 4D strain,
on the other hand, can simultaneously provide measurements for
longitudinal, radial, circumferential, and area strain. In our
patient, except for the longitudinal strain, which was unaffected,
the presence of fibrosis and the systolic stretching of the basal
inferolateral wall resulted in the reduction of the radial strain
values and in positive values of circumferential and area strain
that confirmed the presence of fibrosis and the lengthening of
the fibers during systole due to the disjunction arc. From this
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point of view, 4D strain seems superior and may be the only
method detect
abnormalities in MAD cases. A limitation of this method that

echocardiographic that can myocardial
probably still makes CMR the gold standard diagnostic tool is
the inability to detect fibrotic tissue on the posteromedial PM.
Strain analysis by default excludes papillary muscles from
tracking, and it is impossible with the present applications of 4D

strain to extend our analysis to the PM.

Limitations

It has to be mentioned that this specific patient had excellent
2D and 3D images, which made possible all this extensive
analysis of the annulus dimensions and dynamics. This method
might have unreliable results in the case of suboptimal imaging
and low frame rate acquisitions. It is common knowledge that we
cannot provide reliable 3D volume-rendered images without
decent baseline 2D images. Frame rate, on the other hand, is also
very important since we need to determine precisely the true
end-diastolic and end-systolic frame. Frame rate furthermore
affects the 4D strain analysis. For accurate results, we need >25
volumes per second (vps), but this number is even quite low for
information like mechanical dispersion. Mechanical dispersion
analysis requires >50 vps; otherwise, the measurements in
milliseconds will not be accurate. Currently, with the provided
technology it is difficult to acquire full-volume images of the left
ventricle, including the epicardial layer, with high frame rates.
Next-generation vendors and the evolvement of the probes may
overcome this issue.

Another restriction of this approach is the time that is needed
for this extensive analysis. Previous publications have shown that
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3D-TTE is a time-saver (28) and does not necessarily require big
experience. However, the imager should be familiar with the
MVQ application and 4D strain analysis in order to be able to
include this approach in routine practice. Since MAD is not
present in everyday practice though, in our opinion, it is worth it
to spend some time on this detailed 3D analysis.

Conclusions

The MAD syndrome is not yet fully investigated. The first
important step for the management of these patients is correct
diagnosis. A complete 2D/3D-TTE protocol seems to be able to
describe most of the required imaging features of this disease
and detect the presence of fibrosis. This is the first MAD case in
the literature, analyzed with 3D-TTE with results confirmed with
CMR. Even though our initial experience is promising, this
remains one single case reported and further investigation should
be done to validate the method and routinely include 3D-TTE in
our diagnostic protocols.
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