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ABSTRACT

Background and goals: Prior studies have shown that left ventricular diastolic dysfunction (DD) may be
associated with worse outcomes after aortic valve replacement. Studies on transcatheter aortic valve
replacement (TAVR) were limited, have not taken into account mitral annular calcification (MAC), which
limits the use of mitral valve annular Tissue Doppler imaging, and have not shown the predictive value of
DD beyond pulmonary hypertension. We performed a single-center retrospective analysis to better evaluate
the role of baseline DD on outcomes after TAVR.

Methods: After excluding patients with atrial fibrillation, mitral valve prostheses and significant mitral
stenosis, 359 consecutive TAVR patients were included. Moderate-to-severe MAC was present in 58% of
the patients. We classified patients into severe vs. non-severe DD based on the evaluation of elevated left
ventricular filling pressures. The outcome measure was all-cause mortality or heart failure hospitalization.
Secondary, subgroup analyses were performed to investigate the role of DD in patients that develop
paravalvular leak (PVL).

Results: Over a mean follow-up time of 13 months, severe DD was associated with an increased risk for
the outcome measure (HR 2.02 (1.23-3.30), p=0.005). However, this association was lost in a propensity-
matched cohort that took into account pulmonary hypertension. In multivariate analysis, STS score was the
only independent predictor of all cause mortality of heart failure hospitalization (HR 1.1 (1.05-1.15),
p<0.001). Patients with severe DD that develop even mild PVL after TAVR had an independent risk for
increased mortality (HR 3.89, CI 1.76-8.6, p=0.001)

Conclusions: Severe DD was associated with increased all-cause mortality or heart failure hospitalization
after TAVR but not independently of pulmonary hypertension and other known predictors of mortality.
Severe DD may be particularly detrimental in patients who develop PVL via acute volume overload of a

stiff left ventricle.
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ABBREVIATIONS

ACC American College of Cardiology
AHA American Heart Association

Al Aortic insufficiency

AS Aortic stenosis

ASE American Society of Echocardiography
AV Aortic valve

AVR Aortic valve replacement

CMR Cardiac magnetic resonance

DD Diastolic dysfunction

E/A Early to late peak transmitral flow velocity ratio
EACVI European Association of Cardiovascular Imaging
GLS Global longitudinal strain

HF Heart failure

IVRT Isovolumic relaxation time

LA Left atrium

LF Low flow

LFLG AS Low flow, low gradient AS

LGE Lade gadolinium enhancement

LV Left ventricle

LVEF Left ventricular ejection fraction
LVEDP Left ventricular end diastolic pressure
LVSP Left ventricular systolic pressure

LVH Left ventricular hypetrophy

MAC Mitral annular calcification

MF Myocardial fibrosis

MR Mitral regurgitation

PCWP Pulmonary capillary wedge pressure
PVL Paravalvular leak

SAVR Surgical aortic valve replacement

STS Society of Thoracic Surgeons

TAVR Transcatheter aortic valve replacement
TR Tricuspid regurgitation
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1. GENERAL PART / INTRODUCTION

1.1 Aortic stenosis overview

Valvular aortic stenosis (AS), the predominant type of AS, is a progressive disease that is characterized by
calcific degeneration of the aortic valve that eventually results in symptoms of decreased cardiac output, heart
failure and death from cardiovascular causes (1, 2). AS and mitral regurgitation (MR) represent the most
common valvular diseases with a prevalence that increases substantially with age (3); In the US, moderate or
severe AS is present in <2% of the population before the age of 65, and prevalence increases to 8.5% in those
aged 65-74 and 13.2% after 75 (4). Currently, there are no medical therapies to prevent or slow the
progression of AS (2), and the disease has a mortality of around 50% at 2-years once it becomes symptomatic
(5). The only treatment for severe, symptomatic AS has been aortic valve replacement (AVR), which
dramatically decreases mortality. AVR had only been performed surgically (SAVR) prior to the establishment
of transcatheter aortic valve replacement (TAVR). In 2019, following the FDA approval of TAVR for low-
risk patients with severe AS, the volume of annually performed TAVRs in the US surpassed that of SAVRs

(approximately 72,000 vs. 57,000 respectively) (6).

1.2 Study rationale and related challenges

Despite the profound increase in survival after AVR, long-term mortality remains increased compared to the
general population, regardless of transcatheter or surgical approach (7, 8). From a pathophysiology standpoint,
AS leads to increased left ventricular (LV) afterload, which in turn promotes left ventricular hypertrophy
(LVH) and myocardial fibrosis (MF), both of which result in LV diastolic dysfunction (DD) and heart failure
(1, 9). There is evidence to suggest that LVH and MF resolve long after AVR or may potentially not
completely resolve (10, 11). More importantly, both processes have been associated with worse survival after
AVR: Profound LVH in AS can result in restrictive LV physiology and paradoxical low-flow (LF) AS, an

entity that is now very well known to be associated with increased mortality and worse outcomes (12, 13). On
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the other hand, a number of prospective studies have associated the presence of MF, as evaluated by cardiac
magnetic resonance (CMR), with worse outcomes in patients with AS (14, 15). A recent meta-analysis
showed a 2.5-fold increase in the risk for mortality in patients with AS that developed MF (adjusted hazard
ratio) (16). These findings may imply that certain patients could benefit from AVR earlier or even in the
asymptomatic phase of the disease, beyond what is currently recommended by guidelines (17). In this
framework, the individual role of DD in patients with AS had not been fully described despite the fact that
both LVH and MF are functional mediators of DD. Previous retrospective studies on patients undergoing
SAVR suggested that advanced degrees of DD are associated with worse outcomes (18-21). In the TAVR
population and at the time of the inception of this doctoral study (2016), there were only a limited number of
studies evaluating the impact of baseline DD in these patients (22, 23). Of note, different diagnostic and

grading schemes of DD were used in all studies.

The TAVR population by definition includes patients with a large burden of comorbidities that are inoperable
and therefore may have more advanced degrees of DD (24). In addition, TAVR is significantly different from
SAVR not only because it is a non-surgical or minimally invasive surgical procedure with a particular
complication that could be strongly associated with pre-existing DD: Paravalvular leak (PVL) remains an
important complication after TAVR despite its decreasing frequency with newer generation transcatheter
valves as it has been recognized as a mortality after TAVR (25, 26). The mechanism of increased mortality in
PVL is thought to be secondary to acute volume overload of an LV with pre-existing DD (27) but this concept
has not been validated. At the time of the conception and initiation of the current doctoral thesis in 2016, there
were only a very limited number of studies examining the clinical role of DD in patients undergoing TAVR

and none examining its relation to paravalvular leak (23).

Although it may appear intuitive from a pathophysiologic perspective, the true impact of DD on the outcomes

Kampaktsis PN, Vavuranakis M. Diastolic dysfunction in TAVR Page 5



of these patients is challenging to prove due to a number of reasons: lack of an easily applicable and universal
algorithm to evaluate DD; it is influenced by LV loading conditions; it is difficult to evaluate in the presence
of structural parameters such as MR and mitral annular calcification (MAC), and finally it maybe the result of

entities that coexist with AS such as amyloidosis or HTN.

1.3 Doctoral study goals

The primary goal of the current doctoral study was therefore to study the potential clinical role of DD in
patients that undergo TAVR for severe AS. More specifically we sough to 1) perform a review of the existing
literature on the prognostic role of DD in patients that undergo AVR as well as to review DD changes after
AVR 2) study the association of advanced DD with mortality in a TAVR population from the Weill Cornell
Heart Valve Center and establish whether DD is an independent predictor of mortality 3) evaluate whether
worse baseline DD in patients who develop PVL after TAVR is associated with increased mortality in the
same population, and investigate potential mechanism to explain this association

Two particular challenges of the current study were how to evaluate DD in these patients via non-invasive

means and how to verify whether DD is an independent risk factor for mortality.
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2. GENERAL PART / REVIEW OF DIASTOLIC DYSFUNCTION IN AORTIC
STENOSIS

2.1 Pathophysiology
LV diastole is a complex sequence of events can be broken down in two phases, LV relaxation and filling.

The end result of normal diastole is the filling of the LV with normal left ventricular end diastolic pressure

Diastole

Relaxation (systole-IVR-RF) Filling (RF-SF-AC)

Time constant of relaxation (1) Myocardial stiffness (b=dP/dV, B)

(LVEDP) (28) (Figure 1).

Figure 1. Normal diastole results in normal LVEDP and can be divided into 2 phases, relaxation and filling, each
comprising of different, overlapping sub-phases. Relaxation is characterized by the time constant of relaxation (t) and
filling by myocardial stiffness i.e. the derivate of pressure over volume (top). Bottom left, LV, LAD and Ao pressures
measured invasively over time during over the cardiac cycle along with sub-phases of relaxation and filling. Bottom
right, overlap of pressures and Doppler signals of diastole.

A=peak late filling velocity, Ao=aorta, AC=atrial contraction, DT=deceleration time, E=peak early filling velocity,

IVR=isovolumic relaxation, LA=left atrium, LV=left ventricle, RF=rapid filling, SF=slow filling
(Permission from Nishimura et al. ] Am Coll Cardiol 1997; 30:8-18)
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Changes in either relaxation (increased time constant of relaxation, 1) or filling (increased stiffness) result in
DD, the hallmark of which is elevated LVEDP in the absence of other obvious (29). Classic changes in the
early to late peak transmitral velocities (E/A) have been noted in DD and have been used for its diagnosis and

grading (Figure 2).

A
Normal Normal LAP  High LAP

Figure 2. Abnormalities in either LV relaxation or stiffness result in diastolic dysfunction, the hallmark of which is
elevated LVEDP and subsequently LA pressures. Top, invasive LV and LA pressures. Bottom, transmitral flow patters
using Doppler echocardiography

LA=left atrium, LV=left ventricle, LVEDP=left ventricular end diastolic pressure
(Permission from Nagueh et al. Eur J Echocardiogr. 2009 Mar;10(2):165-93)

In AS, LV systolic pressure (LVSP) increases as a result of the progressive narrowing of the aortic valve
orifice. Increased LVSP leads to compensatory concentric LVH, which maintains normal afterload (wall

stress) and normal systolic function according to the Laplace equation (Figure 3) (1).

Wall stress/afterload
increases

Wall stress/afterload is
maintained with increased
wall thickness
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Figure 3. Laplace equation results in increased afterload/wall stress in the presence of high LV systolic pressure (top).
Afterload/wall stress is maintained with compensatory LV hypertrophy and increased wall thickness (bottom).

o=afterload/wall stress, P=pressure, r=radius, h=thickness

However, concentric LVH also results in impaired LV diastolic function as increased wall thickness prolongs
relaxation, increases stiffness and eventually requires amplified filling pressure to achieve a normal diastolic
volume (30). In addition to LVH, increased LVSP leads to progressive MF (31), which increases LV stiffness,
thus contributing to impaired diastolic function. In summary, concentric LVH and MF are the 2 key
pathophysiologic mechanisms of DD in patients with AS and are both a result of increased LVSP. With the
progression of AS, filling of the LV is maintained only through increased LVEDP, thus DD ensues. This
augmented diastolic pressure leads to pulmonary congestion, which manifests clinically as heart failure, one

of the three classical symptoms of severe AS.

2.2 Non-invasive evaluation of diastolic dysfunction and associated challenges

The most accurate method of diagnosing DD is through direct measurement of LVEDP and the time constant
of LV relaxation (1) using high fidelity pressure transducers but this is limited by the need for cardiac
catheterization (32, 33). In clinical practice, echocardiography or cardiac magnetic resonance (CMR) are the
usual means of evaluating DD (15). In contrast to the evaluation of LV systolic function, where ejection
fraction can be used as a single variable to approximate systolic function, echocardiographic evaluation of DD
cannot be based simply on the calculation of E/A ratio; multiple 2D and Doppler variables that correlate with
measurements derived by cardiac catheterization have to be measured (28, 34, 35): LA volume, transmitral
and pulmonary venous flow velocities and time intervals, tissue Doppler of the mitral valve annulus all reflect
DD and can be used to estimate LVEDP. However, DD evaluation is complicated by the fact that all of these
variables also depend on additional factors such as LV ejection fraction, presence of other valvular disease
including MAC, age, gender and the of course, the clinical setting. For example, MR and MAC are common

in patients with severe AS and result in alterations in the transmitral flow patterns and tissue Doppler. As a
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result, diastolic echocardiographic variables are often non-concurrent and can be interpreted differently by
different imaging specialists (36). To complicate matters even more, there is no universally accepted way of
evaluating DD. The American Society of Echocardiography (ASE) and the European Association of
Cardiovascular Imaging (EACVI) have recently updated a combined guideline statement in an attempt to
simplify the evaluation of DD, overcome some of the challenges and recommend a practical, standardized
scheme for the diagnosis and grading of DD (Figure 4) (37). Our approach in the current doctoral study is
based on these recommendations will be discussed in detail in the Methods Section (Section 3). Lastly, CMR
has emerged as an alternative modality to echocardiography for the evaluation of DD (38). Apart from

assessing the parameters derived by echocardiography, it has the additional benefit of quantifying MF.
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In patients with normal LV EF

1-Average Ele’ > 14

2-Septal e’ velocity < 7 cm/s or
Lateral e’ velocity <10 cm/s
3-TR velocity > 2.8 m/s

4-LA volume index >34ml/m?

50% >50%
<50% positive positi:e
positive

N | Diastoli Diastolic
ormal Liastolic Indeterminate Dysfunction
function

E/A=0. B+ E > 50 cmis

E/A<0.8+E=50cm/s EJ‘A’UB <2 F4

I 3 criteria to be evaluated* I
1-Average Ele’ > 14
2 Natva || 2R velocity > 28 mis [ 21205 °F2
3-LA Vol. index>34ml/mz2
When only 2 criteria are available
- 1 positive and -
2 negative 1 negative 2 positive
Normal LAP Cannot determine T LAP T LAP
Grade | Diastolic LAP and Diastolic Grade || Diastolic Grade |ll Diastolic
Dysfunction Dysfunction Dysfunction Dysfunction
| Grade*
If Symptomatic

|
Consider CAD, or
proceed to diastolic
stress test

Figure 4. ASE/EACVI echo-based algorithm for (A) diagnosis and (B) grading of diastolic dysfunction in the general
population.

LA=left atrium, LAP=left atrial pressure, TR=tricuspid regurgitation, e’=early peak mitral annular velocity,

E=early peak transmitral flow velocity, E/A=early to late peak transmitral flow velocity ratio. (Permission
from Nagueh et. al, J Am Soc Echocardiogr 2016;29:277-314)
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2.3 Diastolic function after aortic valve replacement

In patients with AS, replacement of the diseased valve results in normalization of the main upstream
pathophysiologic events of DD, i.e. afterload and LVSP. However, resolution of LVH and MF, which are the
downstream mechanisms that sustain DD, requires a process of LV remodeling that lags behind AVR and
may even be irreversible (10, 11). Improvement in DD after AVR seems to accompany this slow LV
remodeling. Most of our knowledge on this topic comes from earlier studies on patients that underwent
SAVR. We performed a systematic review (Supplemental Figure 1) to identify and summarize previous
studies on LV remodeling after AVR (Supplemental Table 1) (9).

The main results of this review can be summarized as follows: Invasive evaluation of diastolic function with
high-fidelity pressure transducers and concurrent endomyocardial biopsy of these patients has revealed that
DD normalizes late (81 months) but not early (22 months) after AVR. These changes parallel changes in MF
(39, 40). Interestingly, LV stiffness and MF increased early after AVR, a finding that has been attributed to a
relative increase of MF in the setting of earlier LVH regression (i.e. there is more fibrosis in a given volume
of myocardium) (30). Non-invasive studies of diastolic function have shown similar gradual improvement in
DD late after AVR that follows LV remodeling (41-44) (25-28). Some studies have shown residual and even

worse DD up to 10 years after AVR (45, 46).

Diastolic function after TAVR

Studies on DD after TAVR were extremely limited at the time of conception of the current doctoral study
(2016) (23). Only recently, and after the publication of our published review (9), more studies on this topic
were released. Improvement in DD early after TAVR has been shown in several studies, but remains
incomplete as expected due to incomplete LV remodeling (47-50). Figure 5 shows incomplete DD
improvement at 30-days post-TAVR, a very recently published analysis from the PARTNER 2 trial (left) (50)

and 6-months and 1-year after TAVR in a single study by Muratori et al (23).
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I?'s

0
Baseline 30 Days Baseline 30 Days Baseline 30 Days
Grade 1 Diastolic Grade 2 Diastolic Grade 3 Diastolic

Dysfunction Dysfunction Dysfunction Foon  Fods waoos oo ars  Fods
Bl e e 6 MoaThy 12 Manths

Figure 5. Change in diastolic dysfunction grade between baseline and (left) 30-days after TAVR in the
PARTNER 2 trial (Permission from Ong et al. (J] Am Coll Cardiol 2020;76:2940-51), (right) 6-months and 1-
year after TAVR (N=242) (Permission from Muratori et al. Eur Heart J Cardiovasc Imaging 2016;11:1269-
78)

However, we have to note that TAVR patients have a few distinct characteristics compared to SAVR patients
that can potentially affect the LV remodeling and diastolic function after TAVR. For one, there is no prior
literature on inoperable patients with AS. In addition, TAVR patients are more elderly, have more
comorbidities, worse baseline functional status, more advanced myocardial fibrosis and possible worse LVH
(24) As a result they may have worse DD at baseline with possibly more incomplete improvement compared
to SAVR. Furthermore PVL is more common after TAVR and may increase DD as well as its impact on
outcomes, as we will discuss further.

LV remodeling, improvement in DD and their relation to post-TAVR PVL will be discussed in the Discussion

Section (Section 5), following the results of the present doctoral study.

Factors affecting DD and remodeling after AVR
It is not clear which factors may be hindering LV remodeling after AVR (51). Known factors that seem to

prevent DD improvement include patient prosthesis mismatch, uncontrolled hypertension, extensive MF or
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profound baseline LVH similar to LF-LG AS (10, 52). Patient-prosthesis mismatch, defined as effective
orifice area that is too small in relation to body size, is essentially a marker of incomplete relief of pressure
overload after AVR (53). It has been associated with slower rates of LV mass regression, LV remodeling and

worse outcomes (51, 54).

2.3 Impact of baseline diastolic dysfunction on outcomes

The fact that DD parallels LV remodeling after AVR and resolves slowly or incompletely could mean that
worse DD at baseline predicts worse clinical outcomes. Potential mechanisms for that are residual heart
failure and ventricular arrhythmias from persistent MF. To that matter, the presence of both LVH and dilated
LA after AVR have been associated with increased mortality (10). As already mentioned, paradoxical LF AS
and MF are associated with worse baseline DD and have been linked to increased mortality. Paradoxical LF
AS and MF will be discussed separately.

As an initial step, we performed a systematic search of studies on the impact of DD after AVR, either TAVR
or SAVR. At the time of the review, the majority of these studies were on patients undergoing SAVR and they
demonstrated increased mortality and morbidity ranging from the peri-operative setting to long term follow

up, thus supporting the abovementioned hypothesis (9) (Table 1).
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Table 1: Studies on the impact of diastolic dysfunction on clinical outcomes after AVR

1t author, year AVR DD DD variables DD grading Measured outcome Results
(n) evaluation
Lund, 1997 SAVR TTE LV fast filling fraction, No Short and long-term LV fast filling fraction <45% had a regression coefficient = 0.98 (p=0.03) for
(1) LV late filling fraction mortality crude mortality and 1.07 (p=0.03) for aortic stenosis specific deaths
Bernard, 2001 SAVR TTE E/A, DT, S/D None, Grade |, Grade Il, Need for inotropic DD OR: 6.17; 95% Cl: (1.9-19.8), P= 0.002
Grade llI support 0-12 hours
(66)
after surgery
Gjertsson, 2005 SAVR TTE E/A, S/D None, Grade |, Grade I, Long-term mortality L
Grade lI-lll vs. Grade I-normal: HR 1.72; p=0.005 for mortality risk
Grade llI . . . . .
(399) Patients with mild DD did not have decreased survival compared to the general
population
Denault, 2006 SAVR TTE e’ None, Grade |, Grade I, S tion fi . . L .
! ep:flra 'on from 65.5% of the patients with moderate to severe DD had a difficulty in the
Grade Il cardiopulmonary _ ; . .
(54) bvbass separation from the cardiopulmonary bypass vs. 40.9% for patients with no or
vp mild DD, P = 0.017
Ding, 2010 SAVR TTE E/A No Short and long-term HR 1.85; 95% Cl: (1.06-3.22),P= 0.03 for short term mortality
112 mortality HR 2.09; 95% Cl: (1.24-3.12) p<0.01 for long-term mortality
(112) HR 3.35; 95% Cl: (1.23-9.17); p<0.01 for long-term mortality (elderly
only)
Linker, 2010 SAVR TEE E/A, DT, S/D None, Grade |, Grade Il, Weaning off ventilator
Grade llI DD was a risk factor for post-CPB LV dysfunction.
(108) Multivariate logistic regression for Vp<40cm/s effect in weaning off
ventilator: OR = 0.65; 95% Cl: 0.52-0.81
Chang,2010 SAVR TTE E/e’ No In-hospital and E/e’ >12 was associated with increased in- hospital (P=0.04)
(248) Long-term CV Events and long-term CV events (10.1% vs. 2.8%, P=0.03)
Rassi, 2013 SAVR EX'T':'(;SG E/A, S/D, LA size Normal, stage |, stage Il Loni\j;rm Mzrtal(ljty or Baseline stage Il DD was an independent predictor of the composite
(1267) {combined) endpoint of death and AVR, HR; 1.75; 95%

Cl: 1.13-2.71, P=0.012.
Mild DD had not a significant association with the endpoint
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Timothy Tann, SAVR TTE E/e’ No Combined Endpoint*,
2015 Long-term mortality Combined Endpoint adjusted OR:1.40; 95% Cl: 1.03-1.78
(432) Long-term mortality adjusted OR:1.51; 95% Cl: 1.18-1.92
Muratori, 2015 TAVR TTE E/A, DT, €', E/e’ None, Grade |, Grade Il, 1 year mortality
Grade lll Similar mortality among patients with advanced vs. mild DD
(358) Patients with baseline severe DD who showed an improvement in their DD after
TAVR had betterl year survival (compared to those who did not show an
improvement)
Kampaktsis, 2016 TAVR TTE e’, LAVI, E/A, DT None, Grade |, Grade I, Long-term mortality

(195)

Grade I

Severe DD was not independently associated with mortality
Severe DD with Post-TAVR Al was associated with increased mortality (HR: 3.89;
95% Cl: 1.76-8.6; P=0.001)

*combined endpoint: in-hospital mortality or major morbidity defined as all-cause death, stroke, renal failure (Risk, Injury, Failure, Loss of kidney function
or End-stage kidney disease [RIFLE] classification 23)

DD=Diastolic Dysfunction, AS=Aortic Stenosis, AVR=Aortic Valve Replacement, SAVR=Surgical Aortic Valve Replacement, TAVR=Transcatheter Aortic Valve
Replacement, TEE=Transesophageal echocardiogram, TTE=Transthoracic echocardiogram, LAVI=Left Atrium Index Volume, LA=Left Atrial, LV=Left
Ventricle, DT= deceleration time, Vp=transmitral flow propagation velocity. E=peak early transmitral velocity, A= peak late transmitral velocity, e’= peak

early mitral annular velocity Doppler, S= peak systolic pulmonary vein flow velocity, D= peak diastolic pulmonary vein velocity, CV=Cardiovascular, HR=
Hazard Ratio, OR=0dds Ratio, CI=Confidence Interval

(Permission from Heart. 2017 Oct;103(19):1481-1487)
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SAVR

The following summarizes the findings in the SAVR population: In the peri-operative setting, worse baseline
DD was associated with difficulty to wean off cardiopulmonary bypass and increased rates of complications
during hospitalization (20, 55, 56). Moderate-to-severe DD was associated with increased rates of AVR or
mortality in the first 2 years (21). Another study by Gjertsson et al. associated moderate-severe baseline DD in
399 patients with increased long term mortality up to 12 years after AVR (45). E/e’, a non-invasive estimation
of LVEDP that has been widely associated with worse outcomes in several cardiac diseases (57-60), has also
been associated with increased in-hospital mortality and cardiovascular events (61). E/A, E wave deceleration
time (DT) have also been associated with early and long term mortality after AVR (62). Lastly, LV fast filling
fraction (percent of total filling volume in first half of diastole defined by LV ventriculography) is an

uncommon DD variable that has been associated with increased mortality after AVR (63).

TAVR

In the TAVR setting, there were only 2 published studies evaluating the impact of DD on outcomes at the
time of our review (2017). A study on 350 patients reported no difference in mortality among patients with
different degrees of DD (23). Interestingly though, significantly increased mortality was noted in the subgroup
of patients with severe DD that did not improve at 1-year post-TAVR compared to patients with severe DD
that improved. A preliminary smaller study from our group on 190 patients showed a trend towards increased
mortality in patients with severe DD vs. less than severe DD at baseline (22). Six more studies were published
until, one of which was from our group in the setting of the current doctoral thesis, and are summarized in
Table 2 (64). All these studies consistently showed increased mortality with worse degrees of DD. Finally,
results from the PARTNER 2 trial were recently published and showed a significant association of worse DD

grades with the composite outcome of cardiovascular death or rehospitalization (50).
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Table 2. Recent key studies on diastolic dysfunction and its association with outcomes after TAVR at the time of published results from the Partner 2
trial (12/2020) (Permission from Klein et al. ] Am Coll Cardiol 2020 Dec 22;76(25):2952-2955)

Number
First Author (Ref. #), Year of Cases Study Type Results Summary
Blair et al. (4), 2017* 90 Retrospective, Baseline diastolic dysfunction grade, but not post-TAVR or changes in diastolic dysfunction grade, was
single-center associated with 1-yr death (HR: 1.163; 95% CI: 1.049 to 1.277) and combined death/cardiovascular
hospitalization (HR: 1.174; 95% CI: 1.032 to 1.318).
Muratori et al. (5), 2015 358 Prospective, Survival was better in those with DD grade 3 with improvement in diastolic function grade vs. in those without
single-center improvement post TAVR (unadjusted).
Sato et al. (6), 2018* 237 Retrospective, Over a median follow-up of 1,320 days, neither pre- nor post-TAVR DD grade were associated with prognosis.
single-center In patients with grade lll DD detected before TAVR and AR =2 after TAVR had poorer survival (p < 0.008).
Patients with grade Il DD detected after TAVR and AR =2 after TAVR had poorer prognosis (p = 0.002).
Thaden et al. (7), 1,383 Retrospective, Over a mean follow-up period of 7.3 yrs, increased left ventricular filling pressure (using ASE guidelines)
2020* single-center remained an independent predictor of mortality after successful AVR (HR: 1.45; 95% Cl 1.16 to 1.81).
Kampaktsis, 359 Retrospective, Over a mean follow-up of 13 months, DD identified using an E/A ratio cut-off of 1.8 was associated with an
et al. (8), 2020 single-center increased risk for the outcome measure (HR: 2.02; 95% Cl: 1.23 to 3.30). This association was lost in a
propensity-matched cohort.
Anantha-Narayan 222 Prospective, Over a median follow-up of 385 days, advanced (Grades IlI-1ll) and indeterminate DD were associated with
et al. (9), 2020* single-center increased long-term mortality (25%-28% vs. 5%; p = 0.02).
Kampaktsis 195 Retrospective, At mean follow-up of 14 months, patients with severe baseline DD (E/A >1.5) who developed = mild post-
et al. (10), 2017 single-center TAVR Al was independently associated with increased mortality compared to all other patients (HR: 3.89;
95% Cl: 1.76 to 8.60; p = 0.001).
Asami et al. (11), 2018* 777 Prospective, 1-yr all-cause mortality was higher in patients with LVDD grades | (16.3%; HR: 2.32; 95% Cl: 1.15 to 4.66), ||
single-center (17.9%; HR: 2.58; 95% Cl: 1.43 to 4.67), and |l (27.6%; HR: 4.21; 95% Cl: 2.25 to 7.86) than in those with

normal diastolic function (6.9%).
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Major limitations of the abovementioned studies include 1) significant heterogeneity in the definition and
classification of DD ii) the presence of parameters that limit DD evaluation such as MAC, severe MR or Al
and atrial fibrillation was not taken into account iii) the independent impact of DD has not been well studied.
In the analysis of the PARTNER 2 trial, multivariable analysis showed that severe vs. mild DD is a predictor
of 1-year mortality independently of age, LVEF and STS score among other known predictors of mortality.
However, pulmonary artery pressures, a known strong predictor of mortality in TAVR patients were not taken
into account.

We will further discuss these findings in the Discussion Section (Section 5) after we present our findings in

detail.

2.5 Association with paradoxical low-flow aortic stenosis and myocardial fibrosis
As already mentioned in the Introduction Section, DD is closely related with paradoxical LF AS and MF, both

of which have been associated with worse survival after AVR. Here, we will discuss this in further detail.

Paradoxical low flow aortic stenosis and diastolic dysfunction

Paradoxical LF AS represents a condition of AS where disproportionate LVH and DD result in restrictive
physiology, reduced filling of the LV and a low flow state (low stroke volume) despite a preserved ejection
fraction (12). Classical LF AS is the condition where a low flow state exists in the setting of decreased
ejection fraction. Paradoxical LF AS is an extreme type of AS in terms of pathophysiology, but not infrequent
in terms of frequency. In a recent study, 33% of patients with severe AS and preserved ejection fraction had
paradoxical LF AS. This entity represents a challenge for prompt diagnosis, particularly when accompanied
by low transaortic gradient (65). However, the AV is always smaller than 1.0cm?. The clinical importance of
paradoxical LF AS lies on the fact that it has been associated with worse prognosis in several studies (66, 67),

however these patients still benefit from AVR.
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Both types of LF AS represent maladaptive LV responses to pressure overload, and have been associated with
increased MF. In regards to the underlying pathophysiologic mechanism of the LF state, although a degree of
systolic and diastolic dysfunction is present in both types, classical LF is associated more with systolic
dysfunction and paradoxical with diastolic (12). Distinguishing paradoxical LF-LG from moderate AS in a
symptomatic patient is crucial and challenging. A comprehensive clinical and echocardiographic approach has
been proposed by experts on the field, and the entity has been incorporated in the ACC/AHA guidelines as D3
severe AS (17, 68). However, the importance of diastolic function evaluation in this clinical setting has not
been emphasized or well studied. Identification of restrictive physiology or severe DD would help the
physician diagnose severe symptomatic paradoxical LF AS. Additionally, severe DD could be associated with

worse survival after AVR independently of LF AS, as studies mentioned earlier suggest.

Myocardial fibrosis and diastolic dysfunction in aortic stenosis

MF is a main pathophysiologic feature of advanced DD (69, 70), and in fact of all advanced cardiomyopathies
(71, 72). CMR is the method of choice for detecting localized or diffuse MF via late gadolinium enhancement
(LGE and post-contrast T1 mapping and extracellular volume. There is growing evidence from several
prospective observational CMR studies and a meta-analysis that MF is an independent predictor of mortality
in patients with AS after AVR, even when detected in the asymptomatic phase of the disease (16, 24, 73). Our
group has also correlated the absence of LVH on surface ECG, a finding that may reflect underlying MF, with
increased mortality after TAVR (74). Ventricular arrythmias caused by MF are the most likely
pathophysiologic mechanism for these findings (75). Chin et al. used CMR to classify patients in 3 groups of
MF severity regardless of AS severity (Figure 4). In their study, MF was associated with both DD grade and
increased mortality regardless of AS severity (14) (Figure 6). These findings suggest that DD and may have
additional prognostic significance compared to AS severity alone. Interesting questions therefore arise: Is the

prognostic value of MF superior and/or independent of DD? are both DD and MF required for more accurate
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prognostication. Nevertheless, MF has not been routinely incorporated in the management of patients with AS

given the lack of any widely accepted clinical algorithms and the cost of CMR imaging.

40 4 Diastolic Dysfunction b
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Myocardium Expansion Fibrosis

Figure 6. E/e’ ratio increases with increased presence of myocardial fibrosis regardless of AS severity. In this
prospective observational study, cardiac magnetic resonance imaging was used to evaluate myocardial fibrosis in
patients with different degrees of AS and in controls (healthy volunteers). Patients were classified as having 1)
normal myocardium (n=80), ii) extracellular expansion, an early reversible form of myocardial fibrosis evaluated
by extracellular volume expansion indexed above a cutoff in this study (n=38) and iii) replacement fibrosis,
evaluated by presence of mid-wall late gadolinium enhancement (n=43). Echocardiography was used to measure
E/e’ ratios as a marker of diastolic dysfunction. E/e’ ratio was significantly different among the groups with more
advanced myocardial fibrosis correlating with higher E/e’ and thus worse diastolic dysfunction.

AS=Aortic Stenosis (Adopted with permission and modified from Chin et al, JACC Cardiovasc Imaging 2016, doi:
10.1016/j.jcmg.2016.10.007. Open access under the CC BY license https://creativecommons.org/licenses/by/4.0/
and Kampaktsis et al. Heart. 2017 Oct;103(19):1481-1487).
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3. STUDY SPECIFIC PART / METHODS

This section provides the detailed methodology of the current doctoral study’s primary research analysis.

3.1 Population and exclusion criteria

Our initial study cohort comprised of 529 consecutive patients who underwent TAVR for severe symptomatic
AS in New York Presbyterian Hospital / Weill Cornell Medicine from January 2010 to April 2016 using
balloon or self-expandable prostheses (Edwards Sapien or Medtronic CoreValve). A retrospective analysis was
performed. Patients with atrial fibrillation were excluded from this study, given the more complex evaluation of
DD in these patients (76, 77). We also excluded patients with prior mitral valve replacement or at least
moderate mitral stenosis given the effect of these conditions on transmitral flow waves. After exclusions, 359
patients were included in the study. Patients with baseline MR were not excluded regardless of severity, but

results were adjusted for.

3.2 Data collection and ethics

Clinical and procedural data were gathered into an institutional TAVR database that has been used by our group
in a previously published retrospective study (74). Briefly, study data were collected and managed using
REDCap electronic data capture tools hosted at New York Presbyterian / Weill Cornell Medicine (78). REDCap
(Research Electronic Data Capture) is a secure, web-based application designed to support data capture for
research studies. Per the doctoral study and institutional protocols, TAVR evaluation includes right heart
catheterization in all patients. Thus, pulmonary capillary wedge pressure (PCWP) was collected for the majority
of the patients. Clinical follow up was performed in clinical visits and/or phone contact at 1 month, 6 to 12
months after TAVR and yearly thereafter. The study was conducted with the approval of the local Institutional
Review Board at Weill Cornell Medicine and written informed consent was obtained. The study was also

approved by the Ethics board of the University of Athens Medical School.
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3.3 Echocardiography

Transthoracic echocardiograms were performed pre-procedurally using commercial equipment (GE Vivid 7
[GE Healthcare, Madison, WI] and Phillips iE33 [Phillips Medical Systems, MA] and according to previously
reported protocols for TAVR (79, 80). Echocardiograms were interpreted in a high-volume laboratory with

which expertise and reproducibility in structural heart disease and TAVR in particular.

Pertinent echocardiographic variables were obtained as follows: E wave, DT and A wave were measured from
transmitral flow patterns obtained between the mitral leaflets using pulsed-wave Doppler in the apical 4-
chamber view. Early diastolic annular velocity (e’) of the lateral and septal LV wall was measured by pulse-
wave Tissue Doppler Imaging. LV ejection fraction was calculated by the Teichholz method, based on mid-
cavity measurements in orthogonal antero-posterior and medio-lateral planes in the presence of regional wall
motion abnormalities. LA volume was calculated using Simpson’s rule, and LV mass was calculated using a
necropsy-validated formula (81). Both variables were indexed to body surface area (LAVI and LVMI
respectively). Relative wall thickness was also calculated. Continuous wave Doppler was used to calculate the
mean AV gradient via the transaortic velocity waves in systole. The AV area was calculated by the continuity
equation with measurements acquired in systole and was indexed to body surface (AVAI). MR was graded
according to ASE recommendations (82). Continuous-wave Doppler was used to estimate the transmitral
diastolic pressure gradient (MVG) from the transmitral velocity flow curve using the simplified Bernoulli
equation. Post-TAVR, indices of AS severity were derived from transthoracic echocardiograms at the 30-day

clinical follow-up visit.

Post-TAVR PVL was evaluated according to Valve Academic Research Consortum-2 criteria (83) and was

defined as > moderate paravalvular regurgitation.
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MAC was evaluated based on parasternal short-axis views at the level of the mitral annulus according to the
previously reported Cardiovascular Health Study and Northern Manhattan Study (84, 85). Severity was
qualitatively determined as mild (focal, limited increase in echodensity of the mitral annulus), moderate
(marked echodensity involving one-third to one-half of the ring circumference), or severe (marked echodensity
involving more than one-half of the circumference of the ring or with intrusion into the left ventricular inflow
tract). Maximal MAC thickness measured from the anterior to the posterior edge at its greatest width is also

used to assess MAC severity, with a value >4 mm defining severe MAC.

Longitudinal strain (reported as absolute values) was retrospectively collected in subgroup of the study cohort
with available baseline, 30-days and 1-year post-TAVR echocardiograms. We used quantified in (2-, 3-, 4-
chamber) long axis orientations, for which images were acquired with frame rates> 50 Hz. Automated speckle
tracking analysis was performed on a frame-by-frame basis using vendor independent software (Cardiac
Performance Analysis, TomTec [Unterschleissheim, Germany]). Regional strain was determined using a 16-

segment model. Global longitudinal strain (GLS) was calculated as a weighted average of all LV segments.

3.4 Assessment of diastolic dysfunction

We tested the applicability of the 2016 ASE/EACVI guidelines recommended algorithm for the diagnosis and
grading of DD in the general population (Figure 4) (37) in our cohort. Our objective however was to use a
simplified scheme for the diagnosis of DD that could be easily used in clinical practice and would also take
into consideration the high incidence of MAC in this population. Towards that, the presence of DD can be
safely assumed for patients with underlying structural abnormalities and also in the presence of heart failure
symptoms. Therefore, for our study cohort of patients with symptomatic severe AS the 1% step of the

ASE/EACVI algorithm to diagnose DD can be omitted. Following that, the key in detecting severe DD is the
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presence of elevated filling pressures, particularly LA pressure and LVEDP. We therefore adopted a modified
approach based on the ACC/EACVI recommendations to gain simplicity and adjust for the high prevalence of
MAC (Supplemental Figures 3-4): Severe DD was defined as the presence of elevated LVEDP by
echocardiography using the E/A ratio, which has been used in prior studies and has been shown to have
prognostic significance (22, 86). A cutoff of 1.8 or higher has been shown to correlate with increased LVFP
measured invasively in patients with MAC, and was therefore used in the current study (87). Patients who did

not meet that criterion were classified as having non-severe DD.

3.5 Outcome measures

The primary outcome measure of the analysis was time to all-cause death or 1* hospitalization for heart failure
exacerbation. Secondary clinical endpoints included all-cause death, cardiovascular death, myocardial
infarction, disabling stroke and major adverse cardiac and cerebrovascular events (MACCE) at 1 year after
TAVR. All suspected adverse events were independently adjudicated according to the criteria by the Valve
Academic Research Consortium-2 (83).

We additionally performed 2 secondary, subgroup analyses to study: 1) the impact of PVL on outcomes in
patients with pre-existing DD ii) to compare LV remodeling and GLS changes in relation to PVL. Outcome
measures were all-cause mortality and changes in LV structural variables 30-days and 1-year post-TAVR

respectively.

3.6 Statistical analysis

Baseline clinical, procedural and echocardiographic characteristics were compared between patients with
severe versus non-severe DD. Categorical variables are presented as absolute frequencies and were compared
with the chi-square test or Fischer’s exact test. Continuous variables are presented as mean + standard

deviation and were compared with the use of Student’s t-test or Mann Whitney U test.
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Cox regression was used to derive survival curves in regards to the outcome measure and to all-cause
mortality. Univariate Cox regression models were used to detect predictors of the outcome measure among
different groups, presented as hazard ratios (HR) with 95% confidence intervals (CI). Multivariate Cox-
regression was used to adjust for structural variables and predictors of mortality. All reported probability
values were two-sided and an alpha level of 0.05 was used for statistical significance.

Propensity score matching with replacement and predefined calipers (0.02) was performed and the matched
groups were compared in terms of the primary outcome measure of the study to reduce covariate bias in the
exposure group (severe DD).

Using data from the original PARTNER 1 trial (88) and preliminary results from the current doctoral thesis
(22), the following assumptions were made: probability of death 20%, probability of heart failure
exacerbation 20%, proportion of severe DD 0.2 and hazard rate 1.8; thus a sample size of 355 patients yielded
a statistical power of 80%. Therefore our sample size of 359 patients was considered adequate to test the null
hypothesis that severe DD is not associated with increased risk for the outcome measure. All statistical

analyses were performed with the use of SPSS software (IBM, version 25.0, Chicago, Illinois, USA).
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4. STUDY SPECIFIC PART / RESULTS

4.1 Incidence of diastolic dysfunction and baseline characteristics
Table 3 shows the results of applying the 2016 ASE/EACVI guidelines algorithm in our cohort. DD was
diagnosed in 239 (66%) patients. Forty-six (12%) patients did not have DD, whereas in 87 (23%) patients DD

could not be evaluated due to missing values or due to inability of the algorithm to classify.

Table 3. Diastolic dysfunction diagnosis and grading in our cohort per the ASE/EACVI guidelines algorithm

(see Figure 4)
Group N (%)
Overall cohort 359 (100%)
Diastolic dysfunction present 239 (66%)
Grade I 4 (1%)
Grade 11 192 (52%)
Grade 111 37 (10%)
Diastolic dysfunction absent 46 (12%)
Missing values/unable to determine 87 (23%)

When using our simplified, MAC-adjusted algorithm (Supplemental Figures 3-4), 56 (16%) and 303 (84%)
patients were classified as having severe and less than severe DD respectively. Baseline clinical and
procedural characteristics are presented in Table 4. Patients included were elderly (84 + 7 years, 44% men)
with mean STS score 6.9 + 3.9. Transfemoral approach was used for the majority (70%) of patients. Either an
Edwards Sapien XT or an Edwards Sapien 3 transcatheter heart valve were used for most cases (>80%). With
the exception of higher pulmonary artery (PA) pressures (33 +£10 mmHg vs. 25 + 9 mmHg, p<0.001) and
beta-blockers (68% vs. 50%, p=0.009), patients with severe DD did not have significantly different clinical
comorbidities, functional status or risk profile as assessed by STS score. PCWP was higher in the severe DD
group (21 = 8 mmHg vs. 15+ 7 mmHg, p<0.001).

Table 5 summarizes pertinent echocardiographic characteristics at baseline. Moderate or severe MAC was
present in 209 (58%) patients without significant difference between patients with versus without severe DD.
Calculated mean AV gradient and LVEF were lower in patients with severe DD (47 + 15 mmHg vs. 52 + 17

Kampaktsis PN, Vavuranakis M. Diastolic dysfunction in TAVR Page 27



mmHg, p=0.038 and 50 + 15% vs. 55 + 13% respectively). The frequency of low-flow, low-gradient AS (LF-
LG AS) was not statistically different. Patients with severe DD had also more dilated LV (5.6 = 0.8 cm vs. 5.3
+ 0.8 cm, p=0.028) and had eccentric LVH more frequently (64% vs. 49%, p=0.038). LA size, E/A, E wave,
DT, E/e’ were significantly worse in patients with severe DD (p value for all <0.05). Tissue Doppler of the
mitral annulus (septal and lateral e’) did not differ between the 2 groups. Patients with severe DD also had
advanced tricuspid regurgitation (TR) and aortic insufficiency (AI) more frequently (23% vs. 7% and 14% vs.
5% respectively). Post-TAVR, there were no differences in mean AV gradient, AV area or PVL between the

groups.
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Table 4. Baseline and procedural characteristics

Overall Non-severe DD Severe DD
(n=359) (n=303) (n=56) p

Age (years) 84+ 7 85+ 7 84+ 7 0.869
Male gender 159 (44%) 129 (43%) 30 (53%) 0.167
Body Mass Index (kg/m?) 27+ 68 27+6.0 27+ 6 0.92
Atherosclerosis risk factors

Diabetes mellitus 119 (33%) 99 (33%) 20 (35%) 0.734

Hypertension 307 (86%) 256 (85%) 51 (90%) 0.355

Tobacco use 200 (56%) 166 (55%) 34 (60%) 0.514

Hypercholesterolemia 287 (80%) 243 (81%) 44 (77%) 0.572
Coronary artery disease

Prior MI 76 (21%) 59 (20%) 17 (30%) 0.203

Prior PCI 142 (40%) 121 (40%) 21 (37%) 0.888

Prior CABG 100 (28%) 78 (26%) 22 (39%) 0.143
History of stroke 27 (8%) 21 (7%) 6 (10.5%) 0.348
Chronic Lung Disease 111 (31%) 99 (33%) 12 (21%) 0.079
Hemodialysis 10 3%) 8 (3%) 2 (4%) 0.707
Medications

Aspirin 97 (27%) 75 (25%) 22 (39%) 0.096

Beta blocker 191 (53%) 152 (50%) 39 (68%) 0.009

ACE Inhibitor 57 (16%) 46 (15%) 11 (19%) 0.596

ARB Inhibitor 51 (14%) 45 (15%) 6 (11%) 0.639
Laboratory

Creatinine (mg/dl) 1.32+1.1 1.29+1.1 1.47+1.1 0.270

Hemoglobin (mg/dl) 113+ 1.7 113+ 1.7 11.1+1.6 0.407
Invasive hemodynamics

PA mean pressure (mmHg) 26+10 25+9 33 £10 <0.001

PCWP (mmHg) 16 £8 15+7 21+8 <0.001

Pulmonary hypertension 159 (43%) 128 (40%) 42 (71%) <0.001
NYHA HI/1V 200 (56%) 166 (57%) 34 (62%) 0.477
STS score 6.9+3.9 6.9+3.9 7.7+3.7 0.13
Procedural characteristics

Transfemoral access 250 (70%) 214 (71%) 36 (63%) 0.456

Transapical access 97 (27%) 77 (26%) 20 (35%) 0.456

Edwards SAPIEN XT 218 (61%) 179 (59%) 39 (70%) 0.595

Edwards SAPIEN 3 82 (23%) 72 (24%) 10 (18%) 0.659

Medtronic CoreValve 38 (11%) 34 (11%) 4 (7%) 0.659

ACE=angiotensin converting enzyme, ARB=aldosterone receptor blocker, CABG=coronary artery bypass grafting,
MI=myocardial infarction, PCI=percutaneous coronary intervention, PA=pulmonary artery, PCWP=pulmonary
capillary wedge pressure, STS=Society of Thoracic Surgeons

(Permission from Kampaktsis et al. Catheter Cardiovasc Interv. 2020 Apr 1;95(5):1024-1031)
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Table 5. Baseline and key post-TAVR (30-day) echocardiographic characteristics

Non-severe
Overall DD Severe DD
(n=359) (n=303) (n=56) P

Aortic stenosis severity

Aortic valve area (cm?) 0.75+0.21 0.76 £0.21 0.75+0.26 0.94

Mean aortic valve gradient (mmHg) 51 £16 52.3+16.6 473 +14.7 0.038
LVEF (%) 54+ 14 55+13 5015 0.025
Stroke volume indexed (ml/m2) 42+ 11 42+ 115 42 + 14 0.951
LF-LG AS (SVI<35 and MAG<40) 30 (8%) 22 (7%) 8 (14%) 0.091
LV dimensions

LV end-systolic diameter (cm) 39+0.9 3.8+0.9 41+£1.0 0.013

LV end-diastolic diameter (cm) 54+0.8 5.3+0.8 5.6+£0.8 0.028
LV hypertrophy

LV mass indexed (g/m?) 113+27.5 112 +28 118 +24 0.006

Relative wall thickness 0.35+0.08 0.35+0.08 0.34+0.07 0.171

Concentric hypertrophy 30 (8%) 27 (9%) 3 (5%) 0.377

Eccentric hypertrophy 185 (52%) 149 (49%) 36 (64%) 0.038
LYV diastolic function

Left atrial volume indexed (cm?*/m?) 48 £ 15 45+ 16 52+17 0.006

TR max velocity (cm/s) 2.98 £0.52 2.38£1.39 3.18 £0.96 <0.001

E/A ratio 1.21£0.82 0.93+0.32 2.71£1.02 <0.001

E wave (cm/s) 103 £33 98 +31 133 £29 <0.001

Septal e’ (cm/s) 46+1.4 45+1.5 49+1.8 0.075

Lateral e’ (cm/s) 62=+23 59+£23 6.6+3.0 0.06

E/e’ ratio 24 +10 23+10 28 £10 0.002

Deceleration time (ms) 252 +£100 270 £ 101 170 £48 <0.001
Valvular

Mitral annular calcification (> 209 (58%) 177 (60%) 32 (57%) 0732

moderate) ’

Mitral regurgitation (> moderate) 53 (15%) 40 (13%) 13 (23%) 0.058

Tricuspid regurgitation (>moderate) 34 (9%) 21 (7%) 13 (23%) <0.001

Aortic insufficiency (> moderate) 23 (6%) 15 (5%) 8 (14%) 0.009
Right ventricle

TAPSE (cm) 1.9+£0.5 1.9+0.5 1.8+0.6 0.071
Post-TAVR

Aortic valve area (cm?) 1.75+0.39 1.75+£0.39 1.68 £0.38 0.25

Mean aortic valve gradient (mmHg) 12+6 12+6 12£5 0.74

Paravalvular leak (> moderate) 6 (2%) 4 (2%) 2 (4%) 0.19

LF-LG AS=low-flow, low-gradient aortic stenosis, LV=Ileft ventricle, LVEF=LV ejection fraction, MAG=mean

aortic gradient, SVI=stroke volume indexed, TAPSE=tricuspid annular plane systolic excursion
(Permission from Kampaktsis et al. Catheter Cardiovasc Interv. 2020 Apr 1;95(5):1024-1031)
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4.2 Impact of diastolic dysfunction on outcomes

Over a mean follow up of 13.2 months, the primary outcome measure of all-cause death or 15 HF
hospitalization occurred in 38% vs. 22% of patients with vs. without severe DD respectively (HR 2.0, CI
1.23-3.30, p=0.005, Figure 7A). This was driven by a difference in all-cause death, which occurred in 30%
vs. 20% respectively (log rank p=0.01, Figure 7B). At 1-year follow up, cardiovascular death, myocardial
infarction and cerebrovascular event rates were not statistically different between the 2 groups. MACCE
however occurred more frequently among patients with severe DD (25% vs. 11%, p=0.005, Table 6). In
univariate analysis, baseline predictors of the primary outcome measure besides severe DD were: MR (HR
1.16, CI 1.00-1.34, p=0.048), creatinine (1.31, CI 1.09-1.57, p=0.004) and STS score (HR 1.09, CI 1.06-1.13,

p<0.001) (Table 7).

Table 6. One-year clinical outcomes after TAVR in the study’s cohort

Overall Non-severe DD Severe DD

(n=359) (n=303) (n=56) P
All-cause mortality 46 (13%) 34 (11%) 12 (21%) 0.037
Cardiovascular death 36 (10%) 27 (9%) 9 (16%) 0.10
Myocardial infarction 1 (0.3%) 0 (0%) 1 2%) 0.34
Cerebrovascular event 1 (0.3%) 0 (0%) 0 (0%) 0.34
MACCE 48 (13%) 34 (11%) 14 (25%) 0.005

DD=diastolic dysfunction, MACCE=Major Adverse Cardiac and Cerebrovascular Events
(Permission from Kampaktsis et al. Catheter Cardiovasc Interv. 2020 Apr 1;95(5):1024-1031)
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Figure 7. Cox regression curves comparing patients with severe vs. non-severe diastolic dysfunction for A) all-
cause mortality or first heart failure hospitalization (log rank p-value=0.005) B) all-cause mortality (log rank p-
value=0.01). TAVR=transcatheter aortic valve replacement

(Permission from Kampaktsis et al. Catheter Cardiovasc Interv. 2020 Apr 1;95(5):1024-1031)

4.3 Evaluation of diastolic dysfunction as an independent predictor of mortality

4.3.1 Multivariable analysis

In a multivariable analysis that included predictors of the primary outcome measure and pertinent structural
variables (including pulmonary artery systolic pressure), only STS score remained as an independent predictor

of the outcome measure (HR 1.1, CI 1.05-1.15, p<0.001) (Table 7).

4.3.2 Propensity score matching

A separate propensity score matching analysis produced a cohort of 102 patients with a 1:1 ratio of severe to
non-severe DD using clinical and echocardiographic covariates (age, gender, LVEF, LVIDs, transaortic mean
gradient, LV mass, MR, TR, PASP). Severe DD was not associated with increased risk for the primary outcome
measure in the matched analysis (HR 1.07 (0.55-2.08), p=0.85). Of note, the prognostic value of PVL (>

moderate) was not assessed given the small number of available cases.
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Table 7. Univariable and Multivariable Cox-Regression Models for baseline prediction of all-cause mortality or HF hospitalization

Univariable Multivariable
Baseline Variable
HR (95% CI) p HR (95% CI) p

Severe DD 2.02 (1.23-3.30) 0.005 NS NS
EF 0.98 (0.97-1.00) 0.072 NS NS
MR grade 1.16 (1.00-1.34) 0.048 NS NS
TR grade 1.07 (0.88-1.30) 0.512 NS NS
PA pressure * 1.01 (1.00-1.03) 0.058 NS NS
LF-LG AS 1.55 (0.82-2.92) 0.18 N/A N/A
Cr 1.31 (1.09-1.57) 0.004 NS NS
COPD 1.00 (0.81-1.26) 0.94 N/A N/A
Stroke 1.03 (0.70-1.52) 0.87 N/A N/A
STS score 1.09 (1.06-1.13) <0.001 1.1 (1.05-1.15) <0.001

COPD=chronic obstructive pulmonary disease, Cr=creatinine, DD=diastolic dysfunction, HF=heart failure, LF-LG AS=low-flow, low-gradient aortic
stenosis, LVEF=left ventricular ejection fraction, MR=mitral regurgitation, PASP=pulmonary artery systolic pressure, STS=Society of Thoracic
Surgeons
* Derived from echocardiography

(Permission from Kampaktsis et al. Catheter Cardiovasc Interv. 2020;95(5):1024-1031)
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4.4 Secondary analyses for paravalvular leak

4.4.1 Outcomes in the setting of paravalvular leak and diastolic dysfunction

In this secondary analysis (22), 146 patients were included and DD was evaluated using a modified
ASE/EACVI algorithm. Forty patients (27%) had mild, 68 (47%) moderate and 38 (26%) severe DD. Post-
TAVR Al was at least mild in 57 (39%) patients and more than mild Al in 16 (11%) (Main analysis PVL
definition of at least moderate post-TAVR Al was not used here).

Patients with severe DD who developed post-TAVR Al >mild had increased mortality compared to all other
patients (HR 3.89, CI 1.76-8.6, p=0.001, Figure 8 top) even after adjusting for post-TAVR Al, baseline Al,
grade of DD, MR, LVEF, mean PA pressure, renal function, history of stroke, age and gender. Even baseline
moderate-to-severe DD with post-TAVR Al >mild was also associated with increased all-cause mortality
(HR 2.52, CI 1.22-5.23, p=0.013, Figure 8 down). However, this association did not remain significant after

adjusting for post-TAVR Al

Diastolic function changes and LV remodeling

In another secondary analysis (89) 99 patients with available echocardiograms at baseline and 1-year after
TAVR were analyzed to study the impact of PVL on LV remodeling and DD. PVL was defined as either new
mild paravalvular regurgitation post-TAVR or moderate/severe paravalvular regurgitation post-TAVR
regardless of whether preexisting or new. DD was not graded, and echocardiographic indices were used as
continuous variables. Results are shown in Table 8.

When comparing diastolic function indices in terms of E/A and S/D, patients without PVL had more
favorable diastolic function changes at 1-year (0.97 + 0.50 vs. 1.35+0.73, p=0.03 and 1.16 = 0.37 vs. 0.81 +
0.31, p=0.002 respectively). These patients also had more favorable LV remodeling compared to patients
with PVL, as seen by the significant reduction in interventricular wall and posterior wall thickness, as well as
LV mass (p<0.001 for both). LVEF and stroke volume index also improved significantly in patients without
PVL (p<0.001 and p=0.046 respectively). Right ventricular systolic function also significantly improved in
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patients without PVL (TAPSE from 14 + 14 mm to 18 = 8 mm, A=4 + 14 mm, p=0.018), whereas it
remained unchanged in patients with PVL (TAPSE from 13 £ 12 mm to 11 £+ 14 mm, A=-3 = 2 mm, p=0.63).

GLS improved significantly at 1-year regardless of PVL (p=0.016 and p=0.01 for patients without vs. with

PVL respectively).
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Figure 8. Survival curves for patients with severe baseline diastolic dysfunction (up) and mild or more post-TAVR Al
and severe moderate or more diastolic dysfunction and mild or more post-TAVR Al (down). Results from a secondary
analysis of the doctoral study. For the vast majority of patients, Al was synonymous to paravalvular leak. Diastolic
dysfunction classified based on a modified ASE/EACVI algorithm.

Al=aortic insufficiency, DD=diastolic dysfunction, TAVR=transcatheter aortic valve replacement
(Permission from Kampaktsis et. al Catheter Cardiovasc Interv. 2017 Feb 15;89(3):445-451.
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Table 8. LV remodeling and function 1-year post-TAVR stratified by paravalvular leak *

Paravalvular leak — Paravalvular leak +

N=84 N=15

Baseline 1 year A p Baseline 1 year A p p*
Aortic valve mean gradient 51+15 12+4 39+14  <0.001 56+ 17 11+4 44+18  <0.001 0.48
(mmHg)
éﬁ/"st;c valve peak velocity 4.6+0.7 24+04  23+07  <0.001 49+06 24+03 25+07  <0.001 0.80
Aortic valve area (cm2) 072+£0.18 1.73+038 1.0+04  <0.001 0.72+£0.12  1.86+0.39 1.1£03  <0.001 024
LVEF (%) 54413 58410 4410 <0.001 55+ 15 57+12 2413 0.63 0.86
Stroke volume indexed 0 +11 44 + 10 3+1] 0.046 4149 46 + 11 4+8 0.06 0.34
(ml/m2)
(LC\I’n)end'dlaStOhC diameter 53407 53407 -01+07 036 54406 55+0.8 0.1405 0.52 0.28
(Lc\l;;"nd'sy“"hc diameter 3.8+0.8 37+08  -02+0.7 0.12 38409 38+1.0 0.01+0.7 0.97 0.47
EXS’O“CH‘“ wall thickness 0.9+0.1 0.8+0.1 0.1+£0.1  <0.001 0.9+0.1 0.9+0.2 20.03+0.1 0.24 0.21
Interventricular septum 10402 09+0.1  -01+0.1  <0.001 10403 09+0.1 0.1+03 0.16 0.11
thickness (cm)
LV mass indexed (g/m2) 108 + 27 95 + 24 J13+24  <0.001 113 + 24 106 + 22 8+27 0.32 0.08
(Lriff;‘lgal volume indexed 47+ 13 46 + 14 01+15 0.93 53+ 14 55+ 18 3+11 0.37 0.04
RVSP (mmHg) 44 + 14 40+ 13 4.0+ 12 0.12 52418 46+ 11 5412 0.15 0.10
GLS (%) (129462 -147+57  -18+7 0.016 99+52 141+54 445 0.01 0.69
E/A 1.12+0.76  097+0.50 -02+0.8 0.11 125£0.72 135+0.73 0.1+0.6 0.55 0.03
Ele’ 25+ 15 25+ 14 1+14 0.75 27+ 13 27+ 15 0346 0.85 0.59
e’ lateral (cm/s) 64+27 6.8+2.4 04+24 0.15 76+35 75+2.7 0.1+2 0.85 0.30
¢’ medial (cm/s) 51+2.0 50+1.8 -0.1+1.8 0.70 47+1.6 52+1.5 0.5+1.8 0.34 0.88
S/D 0974080 1.16+037 02+0.9 0.19 1304069 081+031  -0.5+0.6 0.08 0.002
TAPSE (mm) 14+12 18+ 8 4414 0.018 13+12 11+ 14 3+2 0.63 0.011

GLS=global longitudinal strain, E/A=peak transmitral early to late velocity ratio, e’=peak tissue Doppler velocity at mitral annulus, LVEF=left ventricular
ejection fraction, RVSP=right ventricular systolic pressure, S/D=peak systolic to diastolic pulmonary flow velocity ratio, TAPSE=tricuspid annular plane
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~ Defined as either new mild paravalvular regurgitation post-TAVR or moderate/severe paravalvular regurgitation post-TAVR regardless of whether
preexisting or new * Comparing patients with vs. without paravalvular leak at 1 year after TAVR
(Permission from Kampaktsis et al. Future Cardiol. 2021 Mar;17(2):337-345)
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5. STUDY SPECIFIC PART / DISCUSSION

The key findings of this doctoral study can be summarized as follows: 1) Non-invasive evaluation DD is not
straightforward in the TAVR population and the application of the ASE/EACVI guidelines algorithm was not
clinically meaningful in our cohort ii) DD is present in patients with symptomatic, severe AS undergoing
TAVR and does not require a formal diagnostic step ii1) The majority of TAVR patients in our cohort had
moderate or severe MAC. DD evaluation has to be appropriately adjusted for as MAC excludes the use of
Tissue Doppler imaging iv) By excluding patients with prosthetic mitral valves, moderate or more mitral
stenosis and atrial fibrillation, we showed that severe DD, as defined by elevated LVEDP, is associated with a
two-fold increase in mortality or HF hospitalization after TAVR v) In a multivariable analysis and a propensity
score matching analysis, severe DD was not a predictor of the primary outcome independently of other
predictors such as PA pressure and STS score vi) In secondary analyses, severe DD was an independent
predictor of mortality in patients who developed even mild PVL after TAVR. Hindered LV remodeling and

residual DD was noted 1-year after TAVR in these patients.

5.1 Evaluation of diastolic dysfunction in the TAVR population

As discussed in the Review Section (Section 2), DD undoubtedly develops in AS secondary to LVH and MF,
both of which are the LV consequences of increased afterload (1). In addition, patients with valvular AS
typically have advanced age, higher rates of hypertension, renal failure, coronary artery disease and diabetes,
which can independently contribute to DD (88, 90, 91). Regardless of its etiology, our review revealed
extensive evidence from retrospective studies that DD may be associated with worse outcomes after valve
replacement (Tables 1 and 2). Of note, most of the evidence in the TAVR population was published when the
current doctoral study was ongoing. The first step towards the evaluation of DD as predictor of worse outcomes
however, is its proper echocardiographic evaluation, which remains challenging.

A recent study by Asami et al. (49) applied the latest (2016) ASE/EACVI guidelines algorithm to evaluate DD

in patients undergoing TAVR. Two points can be made about this approach: First, MAC, a common finding in
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patients with AS (92), was not taken into account. In the presence of moderate or severe MAC, the ASE/EACVI
guidelines state that DD evaluation cannot rely on Tissue Doppler imaging, given that the calcified annular
excursion that significantly affects tissue velocities (37, 93). This means that ¢’ and E/e’ cannot be used and
therefore the ASE/EACVI algorithm is not applicable, as it is heavily based on these variables (Figure 4). This
brings a second point: the ASE/EACVI algorithm for the diagnosis of DD was created for the general
population with normal LVEF and suspected DD. Patients with severe AS that undergo TAVR are
symptomatic, therefore DD is already present on clinical grounds and diagnosing it is redundant. A more direct
and simplified approach would be to grade the severity of DD based on elevated LVEDP as suggested by the
ASE/EACVI algorithm for patients with established DD or decreased LVEF. This one-step approach was also
followed by Ong et al. in their very recent study on DD in the PARTNER 2 trial (50). Notably, the key variable
for evaluating increased LVEDP in that algorithm is E/A, which is independent of Tissue Doppler imaging and

therefore applicable to patients with moderate or severe MAC (87).

In this matter, we first verified the high frequency of moderate-to-severe MAC in our TAVR cohort (58%). This
is not surprising because AS is a known a risk factor for degenerative calcification of the mitral annulus: the
chronically elevated LV systolic pressure results in excess annular tension and subsequent annulus degeneration
(94, 95). In addition, risk factors for MAC such as advanced age and atherosclerosis are highly prevalent in the
TAVR populations. In contrast to the PARTNER 2 trial study where MAC was not taken into consideration for
the evaluation of DD (50), we subsequently detected severe DD using an E/A cutoff that has been validated by
Abudiab et al. to correlate well with increased LVEDP in patients with significant MAC (87). We note that in
the study by Abudiab et al., isovolumic relaxation time (IVRT) was used as a secondary variable.
Unfortunately, this variable was not available in a significant percentage of our cohort and therefore could not
be used for classification. However, E/A ratio has been identified as an important predictor of worse outcomes

even in different populations (86) and holds a central role in the grading of DD per the 2016 ASE/EACVI
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guidelines. IVRT has the advantage of applicability in patients with atrial fibrillation (76) and mitral stenosis

(96), conditions that were excluded in this study.

5.2 Diastolic dysfunction as a predictor of worse outcomes after TAVR

Our primary analysis used a simplified DD evaluation that took into account the presence of MAC and
confirmed that baseline severe DD is associated with increased rates of mortality or HF hospitalization after
TAVR. This parallels the results of other studies (Table 2) and in particular the studies by Asami et al. and Ong
et al (49, 50). The issue, however, of whether severe DD is an independent predictor of outcomes is very
important and requires attention. First, DD evaluation is dependent on loading conditions, particularly mitral
valve disease (28, 58) and is associated with pulmonary hypertension (97). Pulmonary hypertension, in
particular, is a known predictor of mortality in TAVR (98, 99) and was not adjusted for by Asami et al and Ong
et al. We performed a multivariable (Table 7) as well as a propensity-matched cohort based on pertinent
echocardiographic covariates that included pulmonary hypertension for the first time. Neither of these analyses
revealed an association between severe DD and the outcome measure, suggesting that the impact of advanced
DD is not independent of other comorbidities including pulmonary hypertension. Furthermore, patients
undergoing TAVR tend to be elderly, often have poor baseline functional status, higher rates of comorbidities
including renal failure, diabetes and more advanced MF (24), characteristics that are associated with both worse
outcomes and more advanced degrees of DD (9, 14). Therefore, the true impact of DD has to be carefully

examined independently of other comorbidities.

Whereas MF is not yet routinely evaluated in patients with aortic stenosis, well-established tools such as the
STS score captures the clinical risk associated with TAVR and can easily be obtained from clinical variables.
Our multivariable analysis showed severe baseline DD was not an independent predictor of increased rate of all-
cause mortality or heart failure hospitalization. Instead, the STS score emerged as the only independent

predictor of worse outcome measure after TAVR (Table 7). This is in contrast to the results of previously
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published studies on outcomes of patients with AS and DD. However, we do note that all previous studies on
the topic have been retrospective and thus prone to bias (Table 2). On the other hand, both the EuroSCORE
(100) and the STS score have been extensively used to define clinical risk in TAVR patients. The STS score in
particular, developed for the prediction of early (30-day) mortality after SAVR, was used with success in the
early PARTNER trials (101) and is currently endorsed by ACC/STS as the preferred risk assessment tool prior
to TAVR (102). Similar to the EuroSCORE, it integrates multiple cardiac (including history of prior cardiac

surgeries) and systemic (including body size, functional status and medical comorbidities) parameters.

5.3 Impact of paravalvular leak on patients with pre-existing diastolic dysfunction

Although our results suggest that severe DD may not be an independent predictor of outcomes after TAVR, the
results of our secondary analysis suggest that severe DD may have a particularly deleterious and independent
effect on survival of patients who develop PVL (Figure 8). Despite its decreasing frequency with newer
generation transcatheter heart valves, PVL remains an important complication after TAVR and our findings
could have important clinical implications.

Previously, even mild PVL was associated with increased mortality (25, 103). Recent studies have shown that
more than mild PVL, particularly when not previously present, is associated with higher short to medium-term
mortality (104, 105). The finding that acute or persistent post-TAVR Al has a negative impact on outcomes
suggests that acute or persistent volume overload of a LV with decreased compliance and DD from chronic
pressure overload can have detrimental effects (27, 106). As the degree of LV non-compliance and DD varies in
patients with severe AS, similar adverse hemodynamics could theoretically be caused by a smaller degree of
acute Al in a LV with greater degree of DD. In our secondary analysis, PVL >mild was associated with
increased mortality. Moreover, the interaction between severe baseline DD and PVL >mild was associated with
increased mortality even after adjusting for baseline DD, Al, PVL, age, gender, LVEF, PA pressure and other
predictors of mortality. In another secondary analysis (Table 8) (89) as well as in a preliminary analysis (107)

we also showed that in patients with new or persistent PVL, LV remodeling is hindered and DD persists. These
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findings support the hypothesis of increased mortality from adverse hemodynamics caused by the combination

of baseline DD and PVL after TAVR.

These results could have significant clinical implications. The evaluation of baseline DD may prove to be a
useful way of identifying patients who are at particularly high risk for worse outcomes if PVL develops. These
patients could be treated with bioprosthetic valves that are associated with lesser degrees of PVL for primary
prevention. If PVL >mild develops, the risk-benefit ratio may suggest that additional steps, such as post-

deployment re-expansion of the bioprosthetic valve, are warranted to eliminate PVL.

5.4 Limitations

The current study has several limitations. First, our cohort comprised of a modest number of patients with a
mean follow up time of 13 months. Resolution of LVH and MF, which are the downstream mechanisms that
sustain DD, require a process of LV remodeling that lags years behind aortic valve replacement (10, 11) and
thus the long-term affect of severe DD may not have been captured in our study. Secondly, as the majority of
patients had significant MAC, we used the E/A ratio to classify patients with severe DD / increased LVEDP, a
method that has not been extensively validated in other cohorts. However, to our knowledge, it represents the
simplest and most validated method of assessing DD in the presence of MAC. Moreover, we did not evaluate
DD in patients with atrial fibrillation, who were excluded from this study. Finally, interobserver or intraobserver
error evaluation was not performed.

In regards to our secondary analyses, these are notably limited by the small study subgroups that lack statistical
power, as well as by the different definitions of PVL that were used compared to our primary analysis. DD was
not graded using the same scheme in the analysis that studied remodeling; instead, indices of DD were used as

continuous variables.
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6. CONCLUSIONS

DD represents a main underlying pathophysiologic mechanism for the development of symptoms in
severe AS, which mark the onset of increased mortality in these patients. The current doctoral study
is one of the recent studies that examined the value of DD as a predictor of worse outcomes in
patients with severe AS undergoing TAVR. We applied a simplified algorithm to evaluate DD that
takes into account for the first time the increased prevalence of MAC. Our results confirmed that
severe AS is associated with increased mortality or HF hospitalization. However, severe DD failed
to emerge as an independent risk factor when pulmonary hypertension, STS score and other known
predictors of mortality were taken into account. We conclude that severe DD is associated with
worse outcomes, however its importance as a predictor may lag behind pulmonary hypertension (a
downstream pathophysiologic result of DD) and other comorbidities represented in the STS score.
Severe DD may lead to increased mortality in patients who develop even mild PVL. Therefore, we
recommend that DD be evaluated in all patients being considered for TAVR to assist with clinical
decision making to reduce PVL, if such a complication occurs. Further well-designed studies are

required to confirm the prognostic role of DD in this group of TAVR patients.
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FIGURE LEGENDS

Figure 1. Normal diastole can be broken into 2 phases, relaxation and filling, each comprising of different, overlapping
sub-phases, and results in normal LVEDP. Relaxation is characterized by the time constant of relaxation (t) and
myocardial stiffness by the stiffness constant, or the derivate of pressure over volume (top). Bottom left, LV, LAD and
Ao pressures measured invasively over time during over the cardiac cycle along with sub-phases of relaxation and
filling. Bottom right, overlap of pressures and Doppler signals of diastole.

Figure 2. Abnormalities in either LV relaxation or stiffness result in diastolic dysfunction, the hallmark of which is
elevated LVEDP and subsequently LA pressures. Top, invasive LV and LA pressures. Bottom, transmitral flow patters
using Doppler echocardiography.

Figure 3. Laplace equation results in increased afterload/wall stress in the presence of high LV systolic pressure (top).
Afterload/wall stress is maintained with compensatory LV hypertrophy and increased wall thickness (bottom).

Figure 4. ASE/EACVI echo-based algorithm for (A) diagnosis and (B) grading of diastolic dysfunction in the general
population.

Figure 5. Change in diastolic dysfunction grade between baseline and (left) 30-days after TAVR in the
PARTNER 2 trial (Permission from Ong et al. (J Am Coll Cardiol 2020;76:2940-51), (right) 6-months and 1-
year after TAVR (N=242) (Permission from Muratori et al. Eur Heart J Cardiovasc Imaging 2016;11:1269-
78).

Figure 6. E/e’ ratio increases with increased presence of myocardial fibrosis regardless of AS severity. In this
prospective observational study, cardiac magnetic resonance imaging was used to evaluate myocardial fibrosis in
patients with different degrees of AS and in controls (healthy volunteers). Patients were classified as having 1)
normal myocardium (n=80), ii) extracellular expansion, an early reversible form of myocardial fibrosis evaluated
by extracellular volume expansion indexed above a cutoff in this study (n=38) and iii) replacement fibrosis,
evaluated by presence of mid-wall late gadolinium enhancement (n=43). Echocardiography was used to measure
E/e’ ratios as a marker of diastolic dysfunction. E/e’ ratio was significantly different among the groups with more
advanced myocardial fibrosis correlating with higher E/e’ and thus worse diastolic dysfunction.

Figure 7. Cox regression curves comparing patients with severe vs. non-severe diastolic dysfunction for A)
all-cause mortality or first heart failure hospitalization (log rank p-value=0.005) B) all-cause mortality (log
rank p-value=0.01). TAVR=transcatheter aortic valve replacement

Figure 8. Survival curves for patients with severe baseline diastolic dysfunction (up) and mild or more post-
TAVR Al and severe moderate or more diastolic dysfunction and mild or more post-TAVR Al (down).
Results from a secondary analysis of the doctoral study. For the vast majority of patients, Al was synonymous
to paravalvular leak. Diastolic dysfunction classified based on a modified ASE/EACVI algorithm.
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Supplemental Table 2: Change in DD in patients with AS after AVR

Author, Year AVR DD evaluation DD variables Grading Change in DD after AVR
(N)
Villari, 1995 SAVR Cath Peak filling rate early and No Baseline Early (22m) Late (81m)
(12) late, and the myocardial PFR Early 402+111 372483 3301132
stiffness constant (b) PFR Late 370+107 332 +121 2761123
b 216 307 11+4
Villari, 1996 SAVR Cath Peak filling rate, myocardial No Baseline Early (21m) Late(89m)
(10) stiffness constant (b) PFR 384 +95 38857 353 +79
b 1945 2817 1043 *
* P<0.001 early vs. late after AVR
0Odd Bech Hanssen, SAVR TTE E/A, S/D, DT None, mild to Baseline 2 years
1999 moderate, severe Mechanical Valves
E/A 1.0+0.74 1.02+0.31 P=04
(239) S/D 1.41+0.64 1.26 £0.33 P<0.01
DT 239+99.5 238+ 725 P=0.21
Biologic prosthetic valves
E/A 1.0+£0.57 0.94+0.3 P=0.4
S/D 1.36 £ 0.58 1.29+0.53 P=0.15
DT 268 + 120 241 + 68 P=0.15
McKenney, 1999 (14) SAVR TTE LVED area at similar No Baseline Postprocedural
pulmonary arterial wedge LVED area 17.9+1.7 12.1#1.2 P< 0.0001
pressure, DT DT 260 +£30 108 +4 P<0.0001
lkonomidis, 2001 SAVR TTE E/A, IVRT, DT No Baseline 2w after SAVR 4y after SAVR
(a1) DT 241 £102 205 77 226 +96 *
IVRT 93120 78 £12 81+15*
E/A 1.05 0.5 1.0+0.5 91 +0.3
* P<0.05 baseline vs. 4y after SAVR
Lamb, 2002 (12) SAVR MRI E/A peak No Baseline Postprocedural
E/A peak 1.400.88 1.34 0.6 P=NS
Gjertsson,2005 SAVR TTE DT None, Grade |, Baseline 2y 10y
(57) Grade Il, Grade Ill | DT 2724107 248473 (P<0.05) 236 +88 (P<0.05)
10y follow-up: 61% decrease in patients with moderate to severe
DD (P< 0.0001)
Ding, 2007 SAVR TTE E/A, IVRT No Baseline 46 months
(66) E/A 2.610.2 1.940.1 P<0.05
IVRT 57+4 6913 P<0.01
Brown, 2009 SAVR TTE E/e’, LA size, DT None, delayed DD persisted postoperatively in 84% of patients with baseline DD,
(115) relaxation, increased | while 46% of them (persisted DD) had P/PM
LA pressure
Guaraccino, 2010 SAVR & TEE Vp, e’ No Baseline Postprocedural
TAVR TAVR
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(30) Vp 35+6.4 43175 *
e’ 4.0 0.5 5.0%0.7 *
SAVR
Vp 37 £6.0 2954 *
e’ 4.2 0.5 3.140.7 *
* p <0.001 baseline vs. postprocedural
Jeong-Sook Seo, 2012 SAVR TTE e’, E/A E/e’, DT No Baseline 25weeks 50weeks
(38) E/A 1.2+0.4 0.9+0.3 * 0.9+0.3
DT 237.8154 177.8430.6 * 162.7+35.6
E/e’ 15.5+4.7 16.9+4.8 * 17.8+5
e’ 6.311.8 7.842.0 * 9.2+3.3 %
* P<0.05 baseline vs. 25w or 50w
Gotzmann, 2010 TAVR TTE e’, E/e’ No Baseline 30d 6m
(39) e’ 5.19+1.56 5.62+1.54(P=0.15) 5.8+ 1.53(P=0.004)
E/e’ 20+6.7  18.1+5.7(P=0.153) 17.2+5.4 (P=0.21)
Vizzardi, 2010 TAVR TTE E/A, E/e’, DT None, Grade |, Baseline 6 months
(135) Grade Il, Grade llI DT 210148 23071 P=0.08
e’ 4.16+1.7 5.612.2 P<0.0001
E/e’ 24 7 176 P<0.0001
Tzikas, 2011 TAVR TTE E/A, DT, €, E/e’ None, Grade |, Baseline Discharge 1y
(63) Grade Il, Grade IlI Grade | 59% 51% 57%
Grade Il 23% 36% 33%
Grade llI 18% 13% 10%
P=1.0
Gonzalvez, 2011 TAVR TTE & TEE E/A, IVRT, DT None, Grade |, Baseline Postprocedural
(61) Grade Il, Grade IlI E/A 1.2 (0.9, 1.4) 1.5(1.2,1.8) P=0.002
DT 211.2 (191.7,230.6) 252.7 (226.8, 278.7) P=0.001
IVRT 83.0(73.8,92.8) 97.1(87.9, 106.4) P=0.003
Spethmann, 2013 TAVR TTE E/e’ None, Grade |, 46.9% of the patients improved by at least one grade
(46) Grade Il, Grade llI Baseline 8 days after TAVR
E/e’ 18.7+8 17.617.3 P=NS
Spethmann, 2014 TAVR TTE e’, E/e’, E/A, DT, IVRT None, Grade |, Baseline 12months post TAVR
(54) Grade Il, Grade Il e’ 5.5+1.6 6.2+1.9
E/E' 17.4+7.4 15.916
IVRT 108.9+37.5 120.4 £33.6
DT 204.1+73.7 224.2 £62.5
E/A 1.16 £0.77 1.16+ 0.83
P=0.17 for €’, P = NS otherwise
DD grade lll  24% 10%
DD grade Il 34% 26%
DD gradel 42% 52%
None 0 12% P=NS
Aslan, 2015 (55) TAVR TTE E/e’ No Pre-operation 7-days after TAVR
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Muratori,

(358)

E/e’ 13.7+4.6 11.5+4.1 P<0.001
2015 TAVR TTE E/A ratio, DT, €’, E/e’ None, Grade |, LVEF<50% Baseline 12months
Grade Il, Grade Il DD grade 2| 100% 58.8% *
LVEF 2 50% Baseline 12months
DD grade 2| 100% 87.1% *
*P<0.001

DD=Diastolic Dysfunction, AS=Aortic Stenosis, AVR=Aortic Valve Replacement, SAVR=Surgical Aortic Valve Replacement, TAVR=Transcatheter Aortic Valve
Replacement, TEE=Transesophageal echocardiogram, TTE=Transthoracic echocardiogram, LA=Left Atrial, LVEF=Left Ventricular Ejection Fraction, LVED=Left
Ventricular End Diastolic, DT= deceleration time, Vp=transmitral flow propagation velocity. E=peak early transmitral velocity, A= peak late transmitral velocity,
e’= peak early mitral annular velocity Doppler, S= peak systolic pulmonary vein flow velocity, D= peak diastolic pulmonary vein velocity, CV=Cardiovascular,
P/PM=Patient-Prosthesis Mismatch, HR= Hazard Ratio, OR=0dds Ratio (Permission from Kampaktsis et. al, Heart. 2017 Oct,103(19):1481-1487)
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Supplemental Table 2. Univariate and multivariate regression models for all-cause mortality on a secondary
analysis for the impact of diastolic dysfunction on patients who develop PVL after TAVR (n=144).

Univariate Multivariate
Variable

HR p HR p
DD=severe & post-TAVR Al>mild 3.89 (1.76-8.6)  0.001 | 7.17 (1.28-40.17) ~ 0.025
DD >moderate & post-TAVR Al>mild | 2.52 (1.22-5.23)  0.013 N/A N/A
Post-TAVR Al 1.50 (0.97-2.31)  0.06 | 1.41(0.64-3.13) 0.40
Pre-TAVR Al 0.77 (0.48-1.23)  0.28 | 0.91 (0.51-1.60) 0.73
DD grade 1.42 (0.86-2.34)  0.17 | 0.77 (0.30-1.97) 0.58
MR grade 1.18 (0.82-1.73)  0.37 | 0.87 (0.51-1.49) 0.86
LVEF (%) 0.99 (0.97-1.01)  0.35 | 1.01 (0.98-1.05) 0.51
PAPm (mmHg) * 1.032 (0.99- 0.06 | 1.02 (0.98-1.06) 0.47

1.06)

eGFR 1.04 (0.67-1.61)  0.86 | 1.02 (0.99-1.05) 0.26
CVA 2.31(0.95-5.64)  0.06 | 1.19 (0.25-5.68) 0.83

Multivariate
model

adjusted for age and gender. DD evaluated using a modified ASE/EACVI algorithm. PAPm obtained from diagnostic
catheterization

Al = aortic insufficiency, CVA = cerebrovascular accident, DD = diastolic dysfunction, eGFR= estimated
glomerular filtration rate (Cockroft-Gault formula), LVEF = left ventricular ejection fraction, LVMI = left
ventricular mass index, MR = mitral regurgitation, PAP =pulmonary artery pressure (available for 125

patients), TAVR = transcatheter aortic valve replacement,

(Permission from Kampaktsis et. al Catheter Cardiovasc Interv. 2017 Feb 15;89(3):445-451.
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Supplemental Figure 1. Study flow chart for systematic review of changes in diastolic dysfunction after aortic valve
replacement and impact on outcomes

AS=Aortic Stenosis, AVR=Aortic Valve Replacement, DD=Diastolic Dysfunction
(Permission from Kampaktsis et. al, Heart. 2017 Oct,103(19):1481-1487)
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Supplemental Figure 2. Parasternal short-axis view of patient with severe aortic stenosis showing severe
MAC involving the anterior and posterior mitral valve leaflets. Moderate-to-severe MAC was present in more
than half of the patients in our TAVR cohort precluding the use of mitral annular tissue Doppler velocities for
the evaluation of diastolic dysfunction.

MAC=mitral annular calcification, TAVR=transcatheter aortic valve replacement
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Supplemental Figure 3. Applied algorithms for estimation of left ventricular filling pressures 1) as proposed
by Abudiab et al, 2) modified.

LVFP=left ventricular filling pressure, [IVRT=isovolumic relaxation time, PPV=positive predictive value,
NPV=negative predictive value
(Permission from Kampaktsis et al. Catheter Cardiovasc Interv. 2020 Apr 1;95(5):1024-1031)
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Supplemental Figure 4: ROC Curve for high PCWP from E/A ratio. AUC for E/A ratio for high PCWP (>=18):
0.68

AUC=area under the curve, PCWP=pulmonary capillary wedge pressure
(Permission from Kampaktsis et al. Catheter Cardiovasc Interv. 2020 Apr 1;95(5):1024-1031)
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