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Abstract Over the last half century, surgical aortic valve replacement (SAVR) has evolved to offer a durable and
efficient valve haemodynamically, with low procedural complications that allows favourable remodelling of left
ventricular (LV) structure and function. The latter has become more challenging among elderly patients,
particularly following trans-catheter aortic valve implantation (TAVI). Precise understanding of myocardial
adaptation to pressure and volume overloading and its responses to valve surgery requires comprehensive
assessments from aortic valve energy loss, valvular-vascular impedance to myocardial activation, force-velocity
relationship, and myocardial strain. LV hypertrophy and myocardial fibrosis remains as the structural and
morphological focus in this endeavour. Early intervention in asymptomatic aortic stenosis or regurgitation along
with individualised management of hypertension and atrial fibrillation is likely to improve patient outcome.
Physiological pacing via the His-Purkinje system for conduction abnormalities, further reduction in para-valvular
aortic regurgitation along with therapy of angiotensin receptor blockade will improve patient outcome by
facilitating hypertrophy regression, LV coordinate contraction, and global vascular function. TAVI leaflet
thromboses require anticoagulation while impaired access to coronary ostia risks future TAVI-in-TAVI or
coronary interventions. Until comparable long-term durability and the resolution of TAVI related complications
become available, SAVR remains the first choice for lower risk younger patients.
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Introduction

Aortic valve disease causes obstruction to left ventricular
ejection during systole and/or of regurgitation during
diastole. These apparently simple mechanical abnormal-
ities lead to profound disturbances of left ventricular
physiology, such as progressive myocardial disease and
consequent morbidity and mortality. The clinical solution
is usually surgical aortic valve replacement (SAVR),
occasionally repair, or more recently trans-catheter aortic

valve implantation (TAVI). Aortic valve replacement
results in a series of adaptive changes in the left ventricular
structure and function through a complex biological
process which depends on many clinical factors. These
include the nature and extent of valve pathology and
related myocardial disease, myocardial ischemia/reperfu-
sion injury, changes in ventricular loading, hemodynamic
features of the valve substitute, paravalvular aortic
regurgitation, ventricular activation abnormalities, and
co-morbidities such as hypertension, atrial fibrillation
(AF), and coronary artery disease.
The knowledge and practice in this field is continuously

evolving and has helped reduce post-operative morbidity
and mitigate the long-term risks, particularly in young
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patients, whose survival remains well below the age-
matched population [1]. Improved left ventricular (LV)
function and regression of hypertrophy have traditionally
served as intermediate clinical endpoints when novel aortic
valve interventions are introduced. More recently, they
offer important prognostic value in large-scale randomized
trials of TAVI and SAVR patients, thus guiding clinical
practice, and facilitating better timing of intervention in
asymptomatic patients.

Hemodynamic response to SAVR

By the end of the 1970s it was established that by relieving
aortic stenosis (AS) left ventricular systolic pressure and
stroke work both fell, while stroke volume, cardiac index
and systemic arterial pressure usually increased, particu-
larly when their preoperative values were low. After
correcting aortic regurgitation (AR) there is a fall in LV
stroke volume and an increase in diastolic systemic arterial
pressure. The forward systemic arterial flow remains
unchanged. Over the long-term, exercise capacity
increased significantly compared to pre-operative levels.
Despite much improvement in operative technique, the
impact of myocardial protection and valve substitutes
remain fundamental in today’s SAVR and TAVI practice.
More recently a small LV stroke volume index (SVI)
before surgery has been identified as an important marker
of adverse long-term prognosis for severe aortic stenosis
[2] emphasizing the importance of basic hemodynamic.

Left ventricular force-velocity relationship
and incoordination in SAVR

The early adaptation of LV function in response to relief of
aortic stenosis is attributed to a fall in ventricular afterload
[3]. Following successful SAVR there is a consistent fall in
systolic wall stress and a corresponding increase in the
velocity of myocardial fiber shortening. With correction of
AR, the large stroke volume associated with AR is reduced
but the fall in systolic wall stress and the increase in the
velocity of shortening are inconsistent [4]. Significant
incoordination of LV contraction may persist, and this may
adversely affect outcome. Impaired myocardial contraction
was implicated as a cause of adverse patient outcome in a
sub-group of patients whose pre-operative force-velocity
relationship was already depressed. Recovery of systolic
function after correction of AR appears to take longer and
be less complete than with AS and thus its presence pre-
operatively may predict a worse outcome. These early
studies have formed the physiologic basis for timing of
AVR in AR, along with clinical symptoms, and — in the
current international guidelines — by using 45mm end-
systolic dimension and left ventricular ejection fraction
(LVEF) of ≤ 50% as the cut-off point for intervention.

Clinical physiology, based on the force-velocity relation-
ship, provides an important framework in the assessment of
myocardial contraction after SAVR, but it also has
limitations particularly when changes in loading conditions
occur along with ventricular incoordination. Using a
combination of intraventricular pressure measurements
and ventricular dimensions, obtained by transesophageal
echocardiography, pressure-dimension loops are recon-
structed. The area within the loop represents the external
work done on the circulation by the regional myocardium.
As in other forms of ventricular disease, a disturbed
pressure-dimension loop occurs most commonly as the
result of changes in ventricular cavity shape during two
isovolumic periods, thus leading to incoordination and
energy loss. This disturbance is common in patients with
aortic valve disease, especially pre-operatively (Fig. 1). The
pressure-dimension loop assumes a normal shape within a
few hours after SAVR suggesting it is either directly or
indirectly aggravated by the valve disorder itself and the
disturbances of ventricular activation, particularly loss of
the septal q wave and an increase in the QRS duration. The
presence of incoordination not only has effects on
myocardial function but also has a major influence on the
interpretation of measurements commonly used to assess it.
When the rate of rise of ventricular pressure (peak+ dP/dt)
is used to assess LV inotropic state, it has been
demonstrated that it is significantly affected by incoordina-
tion [5]. The timing of events in the cardiac cycle is critical
and intraventricular incoordination disturbs this. This is
consistent with the findings of Carl Wiggers nearly 100
years ago, who demonstrated that the rate of rise of LV
systolic pressure is equal to the summation of its muscle
contraction. Thus, the classical approach to assess the force-
velocity relationship in the intact ventricle, by plotting wall
stress against shortening velocity, is valid only in the
absence of significant incoordination. When the timing of
events in the cycle of ventricular contraction and relaxation
is correct, a low shortening rate reflects the presence of high
wall stress (Fig. 2A). When significant incoordination is
present, peak shortening velocity relates directly to the
degree of incoordination (Fig. 2B). Two decades on, these
classical physiologic frameworks remain instrumental in
large-scale echocardiography studies, and are further
extended into predicting myocardial fibrosis and clinical
prognosis of AS patients. Ito et al. [6] studied LV end
systolic stress-strain relationship of 101 AS patients with
myocardial biopsy during SAVR. They demonstrated that a
significant downward shift of the stress-strain slope in AS
patients, in comparison with normal control group, was
modestly correlated with the degree of interstitial
myocardial fibrosis, thus in keeping with an advanced stage
of myocardial disease independent from the raised after-
load. Prihadi et al. [7] studied mechanical dispersion
measured by the time dispersion of peak systolic LV
longitudinal global strain (LGS) using speckle tracking
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echocardiography in 630 AS patients. The mechanical
dispersion increased from mild/moderate AS to severe AS
groups and provided an incremental prognostic value to all-
cause mortality during 107-month follow-up. Slimani et al.
[8] from Mayo Clinic recently studied 445 AS patients
regarding the prognostic value of LVEF–mid wall systolic
stress relationship. Those who fell below the 95%
confidence interval of the slope had worse clinical survival
despite of an LVEF > 60% and aortic valve effective

orifice area (EOA) > 1.0 cm2. The advantage of non-
invasive imaging and estimation of systolic wall stress has
enabled the clinicians to study large numbers of AS patients
with long-term follow-up. One should, however, also
acknowledge significant methodological limitations as
pointed out by Reichek in his editorials [9]. His comments
are especially relevant regarding the accuracy of non-
invasive measurement of end-systolic wall stress. Further
technical innovations are required.

Fig. 1 (A) Left ventricular (LV) pressure-dimension loop constructed from simultaneous recordings of left ventricular cavity pressure
and circumferential dimension. The loop area represents the external work done on the circulation by the segment studied. The area of the
rectangle (a, b, c, and d) that just encloses the loop represents the maximal possible work that could have been done by the ventricle over
the same range of pressure and dimension. Cycle efficiency is defined as the ratio of loop area to that of the rectangle and reflects the
efficiency of energy transfer. Loop (B), a typical example of the change in cycle efficiency (CE) before, and loop (C), 20 h after aortic
valve replacement (AVR) from a patient with aortic stenosis. The lower cycle efficiency before AVR (52%) was due to abnormal
dimension lengthening during isovolumic contraction and dimension shortening during isovolumic relaxation. These abnormalities are no
longer present 20 h after AVR, and cycle efficiency has increased to 81%. Reprinted with permission from Jin et al., Am J Cardiol, 1994;
74: 1142–1146.

Fig. 2 (A) Peak velocity of circumferential fiber shortening (peak Vcf) plotted against mean left ventricular (LV) systolic circumferential
wall stress, before relief of aortic stenosis. Note that there is an inverse significant linear correlation between the two in coordinate
ventricles (closed circles, r = – 0.71, P < 0.01) but not in incoordinate ones (open circles, r = – 0.45, P > 0.05). Demonstrating the
importance of coordination in order to preserve the force-velocity relationship. (B) Peak Vcf plotted against LV cycle efficiency, before
relief of aortic stenosis. Note that there is no significant correlation between the two in coordinate ventricles (closed circles, r = – 0.27,
P > 0.05) but in incoordinate ventricles (open circles) peak Vcf correlated positively (r = – 0.65, P < 0.02) with cycle efficiency.
Reprinted with permission from Jin et al., Heart, 1996; 76: 495–501.
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Left ventricular diastolic dysfunction in AS
and after SAVR or TAVI

Left ventricular diastolic dysfunction has long been
recognized in aortic stenosis along with LV hypertrophy.
The characteristic patterns of dimensional changes and
wall thinning during isovolumic relaxation and early
diastolic filling were well established in the 1970s based
on M-mode echocardiography. In the 1980s, trans-mitral
flow velocity was used to assess global diastolic filling
patterns. The interpretation of these Doppler measurements
depends on the relationship of the phasic pressure
difference between left atrium and left ventricle. In isolated
aortic stenosis, it was noted that patients with a normal
ejection fraction and normal pulmonary capillary wedge
pressure also had a normal rate of isovolumic left
ventricular pressure decay, although filling occurred
primarily during atrial systole. In contrast, in patients
with systolic dysfunction and elevated mean pulmonary
capillary wedge pressure, isovolumic pressure decay of left
ventricle was prolonged, while filling occurred mainly
during early diastole, with a reduced atrial contribution and
a shortened isovolumic relaxation period. The single most
important predictor of the trans-mitral filling pattern was
therefore the pulmonary capillary wedge pressure, while
the left ventricular mass was the most powerful predictor
of the rate of left ventricular pressure fall. Peak filling rate
alone was not helpful in detecting diastolic dysfunction in
patients with aortic valve disease. A series of invasive
studies demonstrated that left ventricular relaxation, filling,
and end diastolic stiffness were all disturbed by LV
hypertrophy due to aortic stenosis [10]. Non-invasively,
pulmonary venous flow pattern and tissue Doppler velocity
of mitral annulus motion, when combined with mitral
valve E wave velocity, provides a more useful estimation
of pulmonary wedge pressure and the degree of LV
diastolic dysfunction. This has gained wide clinical
acceptance and is routinely captured in echocardiography
guidelines and individual reports. In recent years, speckle-
tracking echocardiography has provided more robust
regional myocardial deformation data. Of particular
importance is the LGS as a sensitive early marker of LV
impairment in contraction and relaxation. Recently,
Thaden et al. [11] reported the prognostic implication of
diastolic function in 1383 consecutive AS patients with
normal LVEF who underwent AVR at the Mayo Clinic, of
which 43% of patients with significantly increased LV
filling pressure had an adjusted HR 1.45 of death during 7
years follow-up when compared with those with normal
filling pressure. Ong et al. [12] also studied the implication
of LV diastolic dysfunction on outcome in 1750 AS
patients prior to TAVI. Using MV E/A ratio cut-off at 0.8
and 2.0, patients were graded into I, II, and III of diastolic
dysfunction. Incremental baseline grade was associated
with an increased 2-year all-cause mortality, cardiovascu-

lar death, and re-hospitalisation. The improvement in one
grade at 30 days after TAVI was associated with reduced
cardiovascular death at 1 year.
In contrast to extensive reports on pre- and post-

operative assessment of LV diastolic function in SAVR or
TAVI patients, the very acute changes in myocardial
diastolic function during SAVR also provide important
insight. Our group used peri-operative transesophageal
echocardiography and demonstrated that the reduction in
early diastolic lengthening rate of the transverse left
ventricular dimension, and a reduction in posterior wall
thinning rate did not improve immediately after SAVR for
aortic stenosis. It only occurred 12–24 h later in a time
course similar to that of the regression of incoordination
and increase in stroke volume [3]. The increase in the
duration of diastole, secondary to the shortening of systole,
is likely to have had physiologic advantages in increasing
the time available for ventricular filling and coronary flow
after operation.
Regression of hypertrophy after SAVR accounts for the

long-term improvement in diastolic function, along with
longitudinal LV contraction. However, the relative increase
in interstitial fibrosis early after SAVR (when the myocyte
hypertrophy has significantly regressed) was associated
with elevated chamber stiffness, which took longer to
regress than changes in the myocytes. Indeed, the normal-
ization of LV diastolic function and non-uniformity can
take up to 5 years to establish. For AR patients, LV
diastolic dysfunction remains up to 7 years after SAVR
[13]. In today’s practice, the age of SAVR and TAVI
patients is continuously rising with more LV myocardial
fibrosis. As such, the remodelling of LV diastolic function
after surgery is often less satisfactory. The incidence of
moderate to severe diastolic dysfunction can actually
increase after SAVR partly due to lack of LV geometry
remodelling and a relative increase in myocardial stiffness.
Pre-op LA dilatation and diastolic dysfunction is another
marker that is positively related with the degree of LVH
and predicts worse long-term outcome [14].

Effects of prosthetic valve hemodynamics
on the regression of LVH

Significant residual pressure gradient across aortic valve
prostheses after SAVR and its non-physiologic flow
profiles result in adverse long-term clinical outcome,
especially in those patients with a small annular orifice
(21 mm diameter or less) and prior impaired LV systolic
function. In fact, prosthesis-related LV pressure increase
has been demonstrated to cause incomplete regression of
ventricular and cellular hypertrophy as well as increased
interstitial fibrosis [15]. Prosthesis-patient mismatch
(PPM) not only increases early postoperative mortality,
but also has a worse mid-term patient outcome and
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incomplete LVH regression. The latest long-term follow-
up of large case series concluded that a significant residual
gradient due to severe PPM defined as an EOA index less
than 0.65cm2/m2 does lead to an adverse prognosis [16,17].
Of note, patients who have impaired baseline LV function
and co-existing coronary artery disease are the most
vulnerable group that suffers from the adverse effects of
PPM after SAVR. To reduce the incidence of PPM in
stented or mechanical AVR, clinical interest in stentless
AVR was re-introduced in the 1990s. At a given valve size,
the removal of a stent improved prosthesis cross-sectional
area for aortic flow and allowed annulus dynamics to be
partially preserved, thus offered flow-related increase in
EOA [18]. The in-vivo hemodynamic performance of
stentless AVR has lived up to these expectations and
outperformed stented bioprostheses thus has contributed to
post-operative ventricular remodelling. Indeed, the ability
of the patient to exercise after a stentless valve implant was
enhanced compared to stented valve substitutes. In the past
10 years, stentless AVR has been less frequently used due
to its surgical complexity in implantation as well as the
hemodynamic improvement in new stented aortic bio-
prostheses. Nevertheless, from a historical point of view,
the renaissance of stentless AVR in the 1990s provided the
intellectual and technical basis for subsequent develop-
ment of sutureless AVR and trans-catheter TAVI devices.
For example, the clinical success of ATS 3F stentless AVR
[19] that was designed with unique tubular aortic cusps
using equine pericardium has laid down the cornerstone for
the first generation TAVI device. In addition, our surgical
echo research in aortic root geometry and stentless valve
competence [20] has not only guided surgical case
selection and stentless valve sizing but also contributed
to the design of next generation valve prostheses,
evidenced by the frequent citations by patent applications
according to Google Scholar.
The systolic pressure gradient and EOA of a TAVI

device is largely comparable to that of SAVR. The
incidence of moderate to severe PPM in TAVI is slightly
lower than in SAVR particular in those with self-expansion
and super annular position. However, to extrapolate the
prognostic value of PPM from SAVR to TAVI patients is
not a straightforward undertaking. The clinical impact of
PPM was established in SAVR with patients under 75
years old, where the risk model of comorbidity is different
from those of TAVI patients with 10 years older. The TAVI
group also has different competing risk factors of mortality.
Meta-analysis reported by Liao et al. [21] showed a 36%
incidence of moderate to severe PPM among 4691 TAVI
cases but did not find a significant impact on 30 days or 2
years survival. As was acknowledged by the authors, the
clinical interpretation of these findings in TAVI should be
treated with caution given the age, baseline valve gradient,
follow-up time and other competing risk factors for early
mortality, notably the para-valvular AR, MR, conduction

abnormality and heart failure. Indeed, Pibarot et al. [22]
reported from the Partner-IA trial and found a similar result
in the randomized arm. But after excluding the patients
with significant para-valvular AR, the adverse impact of
severe PPM on medium term survival after TAVI was
demonstrated with HR 1.88. During a 4-year follow-up,
Poulin et al. [23] reported that 40% of TAVI cases had
PPM, which was associated with impaired recovery in LV
systolic longitudinal strain (LGS), although its impact on
patient survival was not apparent. This may be explained
by the report from Ngo et al. [24], which randomized 232
cases to TAVI or SAVR. Despite a greater EOA with
the Core valve versus SAVR (1.02 � 0.05 vs.
0.65 � 0.04, cm2/m2, P < 0.001), its 1-year LV mass
index regression was much less than that after SAVR
(7.3% � 2.8% vs. 21.5% � 2.7%, P < 0.001). This was
underlined by an increase in LVend diastolic volume after
TAVI due to a higher incidence of para-valvular AR and
pacemaker implantation, illustrating a more complex LV
remodelling after TAVI.
The rationale for achieving an efficient hemodynamic

performance of an aortic prosthesis is to facilitate
ventricular remodelling and hypertrophy regression. Such
a notion seemed less appreciated in the first three decades
of SAVR when the focus was more on improving valve
thrombogenesis and durability. Our early research in the
1990s regarding ventricular remodelling after SAVR using
aortic homografts or stentless bioprostheses demonstrated
a more rapid and complete regression of LVH than with
stented AVR [25]. We proposed to consider LVH
regression as one of the hallmarks in defining the efficacy
of SAVR. Further meta-analysis by Kunadian et al. [26]
confirmed that stentless AVR did provide an advantage in
LVH regression in the first 6 months by providing a greater
orifice area and a lower gradient. Commenting on these
data, we further highlighted that a significant baseline LVH
was required in order to demonstrate the advantage of a
lower aortic prosthesis pressure gradient to LVH regression
after SAVR [27,28]. Nevertheless, incomplete LVH
regression still occurs in nearly half of contemporary
SAVR and is an indicator of adverse clinical outcome thus
arguing for earlier SAVR [29]. After uncomplicated TAVI,
LVH regression shared a similar pattern to that after SAVR
but was also affected by para-valvular AR and permanent
pacemaker implantation, which will be discussed in later
sections. Echo and clinical outcome data from large-scale
prospective TAVI trials and registries have provided more
robust insights that not only reiterate what we have learned
from the SAVR, but also demonstrated the prognostic
value of baseline LVH and its regression. Gonzales et al.
reported the Partner trial with 4280 TAVI cases for AS and
demonstrated that the group of patients with severe
baseline LVH has a HR of 1.34 for 5-year CV death, re-
hospitalization versus those who had no baseline LVH [30]
(Fig. 3). In addition, Chau et al. also reported the
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significant impact of 1-year LVH regression on 5-year
outcome from the Partner trial data sub-study that included
1434 AS patients. The quartile with least regression of LV
mass index was associated with adjusted HR 1.71 of all-
cause mortality at 5 years, when compared with the
quartile of greatest LV mass regression [31]. The under-
lying mechanism of residual LVH is complex and often
due to events beyond the valve prosthesis hemodynamic
performance itself. Two decades ago we proposed that they
basically fell into four categories: (1) secondary to prior
aortic valve disease, (2) prosthesis function and operation/
intervention related myocardial injury, (3) secondary to
systemic vascular disease, and (4) due to cardiac rhythm
and conduction abnormalities [32]. The reports from recent
TAVI studies validated the long-advocated notion that
LVH should be incorporated into the timing of SAVR and
TAVI [25,30–32] as well as in its post procedure medical
treatment which will be discussed in later sections.

Effects of TAVI access on LV remodelling
and outcome

Aortic stenosis and LV hypertrophy result in significant
reduction in LV global longitudinal systolic strain (GLS),
particularly in LV middle to basal segments. LV global
systolic and diastolic function is increasingly compensated
by enhanced apex contraction and rotation as well as
circumferential systolic strain. These mechanisms together

with concentrical ventricular geometry have helped to
maintain the LVEF within normal range in AS patients
[33]. Following SAVR, its physiologic benefits to LV
remodelling usually take 3–6 months to emerge while the
prior enhanced circumferential systolic strain starts to
regress toward normal. In such context, maintaining an
active LVapex function is imperative early after SAVR and
TAVI [34]. One should, therefore, not be surprised by a
detrimental physiologic consequence and adverse prog-
nosis if significant injury was made to LVapex function in
TAVI via apex (TA-TAVI). Indeed, the TAVI via TA was
consistently shown to have higher early and late mortality
and a slower recovery in cardiac function than those via the
femoral artery (TF-TAVI) or other non-apical access.
Meyer et al. compared LV regional systolic strain using
cardiac magnetic resonance image of 20 cases of TA-TAVI
versus 24 cases of TF-TAVI for AS. At 3 months follow-
up, the peak systolic longitudinal and radial strains
significantly reduced in LV apex segments and the apex
cup in the TA-TAVI group, while LV systolic strain in basal
and middle segments did not differ [35]. Deng et al.
reported using 3D strain echocardiography assessment in
20 AR patients who received TA-TAVI with a 12-month
follow-up. There was significant worsening in apex
rotation and lack of improvement in global LVEF despite
significant reduction in LV volume and mass index [36].
The functional impairment in the LV apex was associated
with a greater elevation in cardiac biomarkers and a worse
outcome. Ribeiro et al. reported a greater elevation in

Fig. 3 Event rates are shown over 5 years after TAVR according to baseline severity of LVH (sex-specific categories of no, mild,
moderate, or severe LVH) for the composite of CV death or rehospitalization. CV, cardiovascular; LVH, left ventricular hypertrophy;
TAVR, transcatheter aortic valve replacement. Modified with permission from Gonzales et al., JACC Cardiovasc Interv, 2020; 13(11):
1329 – 1339.
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cardiac troponin T and CK-MB in 205 cases of TA-TAVI
than those in 45 cases of TAVI via aortic access. These
elevations were associated with a lesser improvement in
LVEF and GLS at 6–12 months follow-up, and with a
higher mortality at 30 days and 1 year [37]. From a
multicenter registry of 1131 TAVI cases, Riberio et al. [38]
further reported that TA-TAVI had a greater elevation of
CK-MB, which was translated into impaired LV systolic
function at 6–12 months, and a higher mortality at 30 days,
1 year, and 2 years follow-up. Elmariah et al. [39] further
reported the Partner I trial regarding the implication of
baseline LV function and TAVI accesses. It included 1027
TF-TAVI and 1057 TA-TAVI. By comparing TF-TAVI
with TA-TAVI, the latter had an increased 2-year mortality
risk with HR 1.57 when LVEF < 50%, with HR 1.38
when LVEF > 50%. In contrast, for those with LVEF
< 50% but underwent TF-TAVI, there was a great
improvement in LVEF and 6 min walk at 30 days
follow-up than TA-TAVI. Given that TA-TAVI leads to
greater myocardial injury, significantly impaired apex
function and worse clinical outcome, this approach is
now less frequently used than via femoral artery. In
patients with no suitable femoral or other access, TA-TAVI
is better considered in patients with LVEF > 50%.

TAVI related para-valvular AR and its impact
on LV remodelling and outcome

In modern cardiac surgery, intra-operative transesophageal
echocardiography has become an integral part of the
operation. Moderate or severe para-valvular aortic pros-
thesis regurgitation is diagnosed and rectified in the
operating theater in SAVR. Thus, its incidence is below
1% per patient year in the long term follow-up. The
introduction of TAVI has benefitted many high-risk
patients who otherwise would be unsuitable for SAVR.
Physiologic benefits are evident after uneventful TAVI
with LVH regression and functional improvement. Among
the complications, moderate or greater para-valvar AR
occurred in 10%–15% of patients receiving the first
generation of TAVI devices, and had immediate deleterious
impact on the ventricular remodelling and early outcomes.
Second or third generation TAVI devices have added the
external pericardium cloth around the landing zone with a
higher skirt to better engage and seal off gaps with the
native calcified aortic annulus. This, together with matured
implantation experiences, has largely abolished severe
para-valvular AR and more than halved the incidence of
moderate AR. This was demonstrated by the study using
quantitative aortic root angiograms and independent core
image laboratory analysis [40]. Based on this multicenter
pooled data of 2258 cases across both first and second
generations of TAVI devices, Modolo et al. showed that
average incidences of moderate to severe paravalvular AR

have been reduced to 5% in second generation TAVI
devices, with the Lotus valve being as low as 2.2% (Fig. 4).
UK TAVI registry reported Lotus valve had 0.8% of
moderate to severe paravalvular AR, although with a
higher early implantation rate of permanent pacemaker at
32% [41]. In contrast, with Evolute R valve implantation
the incident of moderate to severe paravalvular AR was
higher, at 7.8% while permanent pacing implantation was
lower, at 14.7% [42]. The latest report of a randomized
SOLVE-TAVI trial of 447 cases also demonstrated a much
lower incidence of moderate to severe paravalvular AR at
1.5% and 3.4% following balloon-expansion or self-
expansion TAVI implants, although the rate of permanent
pacemaker implants remains relatively high at 19.2% and
23% [43]. There appears to be an inverse relationship
between the incidence of para-valvular AR and the rate of
pacemaker implantation.
In response to significant new AR, the aging left

ventricle is less capable of adapting from concentric
hypertrophy to a mixed concentric and eccentric hyper-
trophy. The regulation in myocardial cellular and mole-
cular physiology is complex and not fully elucidated in a
clinical setting. Inevitably, significant para-valvular AR
causes adverse physiologic consequences such as raised
LV end diastolic pressure, reduced coronary perfusion
pressure and flow, failure of LVH to regress, thus systolic
and diastolic dysfunction, and ultimately hospitalization
and worse survival [44]. Mild para-valvular AR following
early TAVI implants occurs in 30%–50% of cases and was
recognized as a significant risk factor for 3-year survival in
the original report of the PARTNER trial in 2012 [45] but
its clinical importance has attracted less attention. Recent
data from the OCEAN-TAVI registry reported by Yoshi-
jima et al. should make us think twice [46]. In comparison
with 1026 cases of none or trivial AR after TAVI implant,
546 patients with mild para-valvular AR had a greater risk
for hospital readmission for heart failure (HR 1.57),
particularly in patients with baseline severe concentric
hypertrophy, LVEF below 50% and prior MR or AR.
Further reduction in mild para-valvular AR is very
desirable for TAVI patients, provided a low incidence of
cardiac conduction abnormalities can be maintained at the
same time.

Effects of pacemaker and bundle branch
block on LV remodelling and outcome

The electrical activation sequence of the hypertrophic left
ventricle has an important bearing on its remodelling after
relieving aortic stenosis. Conventional SAVR has a low
permanent pacemaker implant (PPI) within 30 days. Mayo
Clinic reported 2.5% of PPI rate in 5842 SAVR patients
with mean surgical age of 74 years old. PPI has, however,
an adverse impact on long-term survival with HR 1.49 in
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20 years [47]. More recently, Poels et al. [48] reported 1%
PPI rate among 2279 stented AVR with mean age of 70
years. Hwang et al. [49] reported 1.5% PPI rate following
663 stented or mechanical AVR with mean age of 67 years.
Regarding the new onset LBBB after SAVR, Poels et al.
reported 4.0% and 1.6% at 7 days and 3 months follow-up
[48] while Hwang et al. reported 7.6% within 30 days and
4.5% after 30 days. The advantage of SAVR over TAVI in
this regard was demonstrated in a randomized study.
Comparing SAVR with TAVI Core valve, a significantly
lower incidence of PPI, LBBB and para-valvular AR have
together contributed to a more favorable LV remodelling
and LV mass regression than that after TAVI [24]. During
sutureless AVR (Su-AVR) the surgeon excises diseased
aortic cusps and the calcification around the annulus, but as
in the TAVI implantation, it also relies on prosthesis’s
radial force to secure its position in aortic annulus. The
advantage in reducing 20 min of cardioplegia and
cardiopulmonary time and facilitating a minimal invasive
surgery or redo surgery has been offset by a significantly
higher incidence of new onset LBBB (25%–35%) and a
high degree of complete atrioventricular block that requires
PPI (8%–15%) than those undergoing conventional SAVR
[50–52]. Reports on early LVH regression and one-year

survival of Su-AVR as a whole are comparable with those
after conventional SAVR. Medium to long-term outcome
data regarding the impact of PPI/LBBB following Su-AVR
remains in paucity. Lam reported the 7-year follow-up of
58 Su-AVR cases with new onset LBBB/PPI, which had a
trend of lower survival (P = 0.07) when compared with 807
AVR cases without LBBB/PPI [53], and the marginal
statistical significance was likely due to small number of
Su-VR cases thus under-powered study.
With the wider acceptance of TAVI in the elderly (> 75

years old) population, TAVI-induced new onset LBBB
(NO-LBBB) and new PPI has become the most common
drawback and rendered major adverse effects on ventri-
cular remodelling, LVH regression and the risk of sudden
death in those without early PPI. Data from a variety of
large TAVI trials indicates that patients with NO-LBBB did
not incur significant improvement in cardiac function or
LVH regression [54]. NO-LBBB results in incoordinate
LV contraction and prolonged systolic tension develop-
ment as is commonly caused by abnormal ventricular
activation. Interestingly, an earlier study of echo strain
image after TAVI suggests the NO-LBBB according to
strict ECG definition showed the absence of classical
mechanical desynchronise contraction pattern [55].

Fig. 4 Cumulative percentage of the different degree of post-TAVI aortic regurgitation assessed with quantitative aortography. The
incidence of mild to moderate AR was ranged in 20% to 70%with average above 50%. Second generation TAVI devices have significantly
reduced the incident of moderate to severe AR but not of mild AR except for the Lotus valve. Reprinted from from Modolo et al., JACC
Cardiovasc Interv, 2020; 13(11): 1303 – 1311.
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However, Calle et al. [56] reported that the septal flash is a
more reliable early marker of NO-LBBB while the
classical mechanical dyssynchrony in strain image may
become more prevalent after cardiac contraction is
significantly impaired. It is therefore a complex interaction
between the afterload reduction and NO-LBBB following
TAVI. Its net effects on cardiac mechanics can be variable
in different patients. Nevertheless, Klaeboe et al. [57]
further reported echo strain image study which showed a
significant reduction in LV mechanical dispersion in TAVI
patients without NO-LBBB. However, those with NO-
LBBB after TAVI had actually worsened mechanical
dispersion and were associated with a higher risk of
mortality during a 22-month follow-up (HR 1.24). The
translation of incoordinate LV contraction due to LBBB/
PPI into adverse clinical outcome has been further
evidenced in the latest report from Faroux et al. [58].
This is the largest meta-analysis to date and demonstrated
an incidence of 23% NO-LBBB among 7792 TAVI cases
and 25% PPI in 42 927 TAVI cases. At 1-year follow-up,
NO-LBBB has increased the risk for all-cause mortality
(HR1.32), cardiac mortality (HR 1.46), heart failure
hospitalisation (HR1.35) and permanent pacemaker
implantation (HR 1.89). PPI also increased risk of all-
cause mortality (HR 1.17) and heart failure hospitalisation
(HR 1.18) but not in cardiac death. Longer term study from
Jørgensen et al. [59] further showed that both NO-LBBB

and PPI groups after TAVI had a worse mortality at 5-year
follow-up, at 47%, 48% versus 33% of those without NO-
BBB or PPI (Fig. 5). It is also evident that the mortality
curve of the PPI group was lower than NO-LBBB in the
first year but it was gradually catching up with that of NO-
LBBB from second to third year onwards, possibly due to
pacing related LV incoordinate contraction and heart
failure.
Pre-existing RBBB, high degree atrioventricular block,

annulus pre-dilatation, TAVI device oversizing and a lower
position into LVOT during TAVI implantation are the
recognized risk factors for NO-LBBB and PPI. Early PPI is
indicated for high degree or complete atrioventricular (AV)
block and LBBB with QRS duration over 160 ms with or
without one-degree AV block. Currently, there is no
consensus on the indication for resynchronisation therapy
(CRT) or PPI for TAVI related NO-LBBB alone [60]. On
the other hand, CRT with ICD for severe NO-LBBB and
heart failure has been in discussion but no consensus on its
indication after TAVI either. To mitigate the adverse effects
of RV pacing and related LV cardiomyopathy, direct
pacing of the His-Purkinje conduction system has been
perused in the past 20 years. This restores an endocardial to
epicardial and apex to base activation sequence. In the past
5 years, His bundle pacing and LBB based pacing have
achieved early success as an alternative to right ventricular
pacing for patients in bradycardia, and to bi-ventricular

Fig. 5 Five-year absolute risk for all-cause mortality after trans-catheter aortic valve replacement (TAVA) for patients with new bundle
branch block (BBB), new permanent pacemaker (PPM) or no conduction abnormalities (CA). Note that the BBB group was associated
with a constant attrition rate early after TAVRwhile the PPM group started departure from the no-CA group from 18 months afterword and
became inline with BBB group by 5 years. Modified with permission from Jørgensen et al., JACC Cardiovasc Interv, 2019; 12(1): 52–61.
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pacing in heart failure patients undergoing CRT. Echo-
cardiography study demonstrated improved LV contrac-
tion and reduced incoordination [61]. In patients who
underwent heart valve surgery, Sharma et al. [62] used
permanent His bundle pacing (HBP) in 30 patients who
developed AV block post-surgery, including four TAVI
cases. The success rate was 93% and the QRS duration
mildly improved from 124 � 32 to 118 � 20 with
threshold 1.45 V at implant. More recently De Pooter
et al. [63] reported using selective or nonselective HBP in
16 patients with LBBB after TAVI. The HBP success rate
was 81%. Of successful ones, 69% cases had their LBBB
pattern corrected on ECG and QRS duration reduced from
162 � 14 ms to 99 � 13 ms, and 134 � 7 ms for selective
or nonselective HBP. The threshold at 11 months follow-
up remains stable at 1.8 V. These are promising early
experiences in TAVI cases but the HBP can be limited by
the position of TAVI device in LVOT and also incurred
relative high threshold voltage. More technical refinement
and pacing lead renovation are ongoing. Indeed, clinical
application of direct left bundle branch pacing (LBBP) and
LV septal pacing (LVsP) has been successful in CRT
practice, and improved LVEF in those already reduced by
RV pacing or LBBB (Fig. 6) [64]. Further randomized

control trials of HBP/LBBP/LVsP are warranted in TAVI
with NO-LBBB along with the assessment of their clinical
and physiologic benefits.

Defining patients for early SAVR or TAVI by
myocardial hypertrophy, fibrosis, systolic
strain, and valvular-vascular coupling

From the pathological point of view, myocardial hyper-
trophy is expressed as myocyte enlargement in contrast to
hyperplasia, which occurs primarily in non-myocytes in
the extracellular matrix (ECM) and vasculature [65]. On
the other hand, Olivetti and colleagues demonstrated that
the number of LV myocytes reduces significantly from age
17 to 90 years, with a loss of 38 million myocytes per year
in the left ventricle, which is partially compensated by
myocyte enlargement amounting to 110 µg per year. The
enlargement of the remaining myocytes represents a
structural weakness with a reduced compensatory capacity
of the aging heart [66]. This is particularly relevant for
patients undergoing SAVR or TAVI, where patients are
much older, and the majority have other cardiovascular co-
morbidities. In clinical practice, LVH is often defined by an

Fig. 6 Success rates, reduction in QRS duration and improvement in left ventricular ejection fraction with His-Purkinje conduction
system pacing. AV, atrioventricular; EF, ejection fraction; HB, His bundle; HBP, His bundle pacing; HPCSP, His-Purkinje conduction
system pacing; LBBAP, left bundle branch area pacing; LBB, left bundle branch; TAVR, transcatheter aortic valve replacement. Reprinted
with permission from Vijayaraman et al., J Am Coll Cardiol EP, 2020; 6(6): 649–657.
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increase in total mass volume or ECG voltage along with
strain pattern with limited recognition of two distinctive
biological processes within the myocardium. Further
elucidation has important clinical implications in defining
patients for early SAVR or TAVI. The hallmarks of
maladaptive LV remodelling are represented by increased
myocardial fibrosis and stiffness. It is imperative to
identify such biomarkers that are able to differentiate the
transition from adaptive to maladaptive LV remodelling,
hence the most appropriate time to intervene clinically. As
myocyte hypertrophy represents an early and relatively
reversible event in the progression of pressure overload-
induced myocardial remodelling, it seems appropriate to
focus on the identification of biomarkers that are more
closely associated with the myocardial ECM remodelling.
Such biomarkers include transforming growth factor-β1,
cardiotrophin-1, collagen-derived peptides, the matrix
metalloproteinase, and the tissue inhibitors of the matrix
metallo-proteinases, and remain an area of significant
scientific interest and clinical development and could in the
future be combined with traditional physiological indica-
tors to provide a more personalised approach to time the
intervention.
Studies of pre-operative myocardial pathology in SAVR

patients have well established that severe LVH and
myocardial fibrosis predicts adverse early and late out-
come. In patients who developed cardiac dysfunction the
interstitial fibrosis becomes much more significant com-
pared with those of normal function. Severe concentric
LVH or septal hypertrophy proved to be associated with an
increased surgical mortality or late mortality [67] in SAVR
patients. Recent report from Puls et al. on TAVI patients
[68] suggested that a greater burden of myocardial fibrosis
was associated with 17 fold of cardiovascular mortality

(Fig. 7). The consideration for SAVR prior to the onset of
adverse myocardial ECM sequelae would be valuable in
patients already in severe but asymptomatic AS. With the
advancement of cardiac magnetic resonance (CMR)
imaging with late gadolinium enhancement (LGE) to
identify those patients with significant replacement
fibrosis, clinical assessment of myocardial dysfunction
and fibrosis in aortic valve disease has opened up a new
horizon in the past 10 years [69]. Indeed, the presence of
replacement fibrosis in CMR was associated with much
worse 10-year survival with HR 1.27 after SAVR [70]. On
the other hand, the interstitial fibrosis measured by
extracellular matrices volume expansion using CMR T1
mapping was shown to regress after AVR along with LVH
regression [71]. In an effort to ensure the best possible risk/
benefit ratio, other diagnostic approaches have also been
evaluated. This includes the use of the classic ECG strain
pattern that commonly presents in LVH to identify those
patients with significant replacement fibrosis [72]. The
reduction in LV systolic global longitudinal strain (LGS)
measured by echocardiography also predicts the degree of
myocardial fibrosis and poorer regression of LVH after
SAVR [73]. The reduction in LV basal longitudinal strain
also predicts a worse MVO2 on exercise in asymptomatic
moderate to severe AS patients and their cardiovascular
events [74,75]. Most recently, in moderate aortic stenosis,
a reduced LV global longitudinal systolic strain also
predicts a higher all-cause mortality and incidence of
SAVR during 6-year follow-up [76].
Aortic stenosis not only increases the afterload to

ventricular ejection, it also adversely affects the fluid
dynamic coupling between aortic valve and systemic
circulation. Quantifying this decoupling can help clinicians
better time the surgery or intervention. In the past 10 years,

Fig. 7 Kaplan–Meier curves displaying cardiovascular mortality in patients with myocardial fibrosis below (black) and above (red) the
median. Patients with significant myocardial fibrosis were associated with much worse survival after TAVI. Modified with permission
from Puls et al., Eur Heart J, 2020; 41(20): 1903–1914.
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a distinctive entity of low-flow and low-gradient (LF-LG)
symptomatic AS with normal LVEF has been well
recognized in patients who have a small LV stroke volume
index (LV SVI) < 35 mL/m2 and mean gradient < 40
mmHg. Eleid et al. [77] reported the 2-year survival of
1704 AS patients with preserved LVEF regarding their
flow-gradient status. The LF-LG aortic stenosis patients
revealed the highest early mortality risk with HR 3.26. But
those undergoing SAVR enjoyed a reduction in mortality
of 69%, very similar to those patients with normal
flow – high gradient (NF-HG). However, in a larger data
set from a network meta-analysis of 9737 SAVR patients,
Zheng et al. [78] reported that early mortality reduction
was greatest in NF-HG by AVR with HR 0.34 but least in
LF-LG, HR 1.19. This apparent discrepancy requires
further physiologic and fluid dynamic consideration.
Firstly, by calculating the energy loss index of these severe
AS patients with normal LVEF based on routine echo
assessment, Altes et al. [79] reported that up to 40% of
cases could be reclassified from severe into moderate AS,
thus no longer requiring immediate surgical intervention.
Secondarily, the LF-LG AS is frequently associated with
systemic hypertension, which is known to have a major
impact on the hemodynamic performance of the stenotic
aortic valve and left ventricle. By incorporating the energy
loss concept further with the aortic vascular impedance
theory, the valvular-vascular impedance (Z-va) can be
calculated (Z-va = (mean AV PG+ BPs)/LV SVI), which
has been validated for reflecting the actual total afterload to
LV contraction. Hachicha et al. [80] have shown that Z-va
predicts those with poor outcome in 544 asymptomatic AS
patients using a cut-off at 3.5 mmHg/mL/m2. The same
investigators had further reported that in 512 asymptomatic
severe AS patients, the group of LF-LG AS had a higher Z-
va and worse outcome due to being in a more advanced
stage of disease [81]. Cramariuc et al. studied LV function
of 1591 cases with asymptomatic low flow AS using mid-
wall shortening wall stress relationship stratified by Z-va
tertile. It was demonstrated that the LV global afterload (Z-
va) was a main predictor of lower stress-corrected mid wall
shortening, independent from LV geometry, hypertrophy,
and hypertension, despite of mean LVEF all at 60% [82].
In TAVI patients, Nuis et al. [83] reported an elevated Z-va
occurred in half of the patients at base line and reduced to
21% at 1 year after TAVI, but the patients who had
remained to have elevated Z-va were associated with poor
quality of life and exercise performance.
The above pathological and physiologic based

approaches have offered a range of diagnostic capability
for better defining the risk-benefit ratio in early SAVR or
TAVI. Recent cohort studies demonstrated an improved
outcome if SAVR were undertaken early following the
diagnosis. This notion has been supported by a randomized
trial of 145 AS cases reported by Kang et al. [84]. The
early AVR versus medical management had a major

reduction of primary endpoint (event of death) by HR 0.09.
Currently there are several ongoing randomized trials,
EVOLVED, AVATAR, and others, which are expected to
provide more robust data and the criteria for early valve
intervention in the near future [85].

Renin-angiotensin system inhibitors and
improvement in LV remodelling and
clinical prognosis in SAVR and TAVI

Despite the promising better outcome through early SAVR
or TAVI, in current clinical practice, many AS or AR
patients present first time with an already advanced disease
stage and heart failure. In addition, the co-morbidity and
valve procedure related complications also require ongoing
medical therapy after the surgery. Furthermore, the AS or
AR in aging patients is often part of a systemic biological
disease, therefore their treatment by renin-angiotensin
system inhibitors (RASI) would be a logical consideration
before and/or after the surgery. There were however many
sceptics two decades ago due to the safety concerns of
RASI in AS patient. The turning point came after the report
of a large clinical cohort study. Nadir et al. [86] reported a
retrospective study of 2117 AS patients with a mean
follow-up of 4.2 years. Of 699 cases on ACEI or ARBII,
they were associated with a significantly lower all-cause
mortality and CV event, HR 0.76, 0.77, respectively. The
effects of ACEI on LV mass in asymptomatic AS were
studied by Bull et al. [87] in a randomized clinical trial of
100 moderate to severe AS patients using CMR image, and
demonstrated a modest reduction of LV mass in 12 months
follow-up.
In cardiac surgery, peri-operative use of RASI was

conducted in a multicenter cohort study of over 8500 cases.
Ding et al. [88] reported those who received the RASI
treatment before surgery had a lower 30-day mortality,
3.4% versus 5.0% than those who did not; and those
received the RASI after the surgery also benefited to 2-year
and 6-year mortality. Prospective randomized investigation
of 114 patients demonstrated that candesartan achieved
greater LV mass regression, 30 verses 12 g/m2, at 12
months [89]. Combining ACE-i and ARB II blockade
enhanced the LVH regression after SAVR in the presence
of PPM [90]. Geol et al. [91] reported a large cohort study
of 1752 SAVR cases for AS together with propensity
matched analysis of 594 pairs, showing the beneficial
effects of RASI in up to 10-year survival (Fig. 8). This was
however not associated with a greater LVEF or LV mass
regression, implying the underlying mechanism of RASI is
likely beyond the ventricular remodelling. Magne et al.
[92] reported a consecutive 508 SAVR cases for AS, and
demonstrated a better 8 years survival (82% versus 53%)
for those on RASI treatment. In addition, ARB II was
associated with a lower 30-day mortality (0.7% vs. 5.6%)
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than those on ACEI. In TAVI patients, the benefits of RASI
were first reported by Ochiai et al. [93] as a retrospective
cohort study from the OCEAN-TAVI registry. The study
compared 189 cases with RASI versus 371 cases without,
and demonstrated a greater LV mass regression at 6
months, a lower 2-year all-cause mortality with HR 0.45.
RASI was also protective of the patients with significant
para-valvular AR. Data from STS/ACC TAVI register of
21 312 cases was reported by Inohara et al. [94], which
showed that among 8469 cases with the treatment of RASI
after the TAVI procedure there were benefits to survival
and hospital readmission at 1 year. A report from the
RASTAVI cohort study with 2785 cases and 10-year
follow-up [95] demonstrated that ACE-i benefited to LV
remodelling in terms of LV volume, mass regression and 3-
year cardiac mortality (3.5% vs. 5.8%), along with a lower
incidence in new AF, cerebrovascular events. It thus
provided global protection to the cardiovascular system.
The observed benefits of ACEI are very encouraging but
cannot be determined as a causal relationship to the RASI,
as the patients’ treatment was not randomly assigned.
Large scale RCT in SAVR or TAVI is warranted.

Age specific control of hypertension and
AF after SAVR and TAVI

Atrial fibrillation has major deleterious effects on left
ventricular remodelling and long-term outcome after

SAVR and TAVI. It results in the loss of atrial contraction
thus reducing LV longitudinal functional recovery after
SAVR. The underlying mechanism is more complex than a
simple shift of the LV operating position on the Starling
curve, due to the changes in LV geometry becoming more
spherical and regional contraction profiles becoming more
dependent on circumferential direction. These physiologic
mechanisms underlie long established clinical findings that
AF is an independent risk factor for long-term survival
after SAVR. AF ablation during SAVR has been performed
and has significantly improved the rate of sinus rhythm and
reduced the incidence of thromboembolic events in cohort
studies. The data on survival benefit remains inconclusive,
in part, AF is often considered as a marker of advanced
disease stage in SAVR patients. Similar findings were
confirmed by subsequent RCTs in SAVR patients and their
meta-analysis. Following TAVI, the incidence of new onset
AF is half of that after SAVR. However, both pre-existing
and new onset of AF remain to be associated with a
significantly worse outcome [96,97]. In particular, AF
patients with a response rate above 90 bpm have an even
worse 1-year mortality after TAVI (40% vs. 26%,
P < 0.005), and thus require effective rate control by
medications.
Hypertension is present in 60%–80% of elderly aortic

stenosis patients and plays a highly important role in the
development and regression of LVH in patients with aortic
valve disease and surgery. It causes the baseline LVH to be
much greater at a given degree of aortic valve disease, with

Fig. 8 Long-term survival curves after SAVR in propensity matched groups that were stratified by RAS blockade therapy. Patients on
the therapy were associated with a better long-term survival. Each symbol represents a death, and vertical bars represent 95% CIs
estimated by Kaplan–Meier method. Solid lines are parametric estimates enclosed within a 95% confidence band. RAS, renin–angiotensin
system; SAVR, surgical aortic valve replacement. Modified with permission from Goel et al., Ann Intern Med, 2014; 161(10): 699–710.
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a more severe concentrical LV geometry and a lower LV
stroke volume, thus complicating the assessment of the
degree of aortic stenosis as has been discussed earlier. Its
presence also continuously diminishes the long-term LVH
regression after surgery. An early report [98] elegantly
demonstrated two different patterns of LVH regression
after SAVR, the significant and sustained LVH regression
in those without hypertension versus a slow and insignif-
icant regression in those with ongoing hypertension. This
pattern was also demonstrated in patients undergoing
stentless AVR in that the hypertension was a major factor
causing residual hypertrophy with late upswings at
medium term [28,99]. These findings have supported a
more robust and prospective control of hypertension after
SAVR, and were demonstrated to be beneficial to post-
operative LVH regression [100]. However, these clinical
experiences were derived from studies in SAVR patients
with mean age of 60–70 years. In TAVI and more elderly
SAVR patients with a mean age of 80 years or above, their
optimal blood pressure (BP) control after surgery can be
complex and differ from conventional hypertension
management. Lindman et al. [101] recently studied 1794
TAVI cases and 1103 SAVR cases, and demonstrated that
patients with a diastolic blood pressure (BPd) below 60
mmHg and systolic blood pressures (BPs) below 120
mmHg had a 60% relative increase in first year mortality
compared with those with BPd 60–80 mmHg and BPs
120–150 mmHg (Fig. 9A and 9B). In contrast, these
patients with BPd > 80 mmHg and BPs > 150 mmHg did
not have an increased first year mortality. These findings
imply that elderly patients with LVH and/or CAD require a
much higher coronary perfusion pressure after SAVR or
TAVI, particularly when there is an ongoing fast AF,
LBBB, PPI, and residual AR. These findings suggest that
we need more specific guidelines on blood pressure
management in elderly TAVI and SAVR patients.

Is TAVI ready for the prime time in low risk
and younger AS patients?

Recently TAVI has been advocated as a superior or non-
inferior alternative to conventional SAVR in low-risk AS
patients, based on 1-year composite endpoints of death,
stroke, and rehospitalisation [102,103]. The enthusiasm of
expanding TAVI into low-risk elderly patients is probably
reasonable but to march TAVI into younger patients (age
below 70–75 years) with low surgical risk remains in
question, especially many of more prevalent risks were not
addressed in these trials.
Firstly, there is very limited medium to long-term data

regarding the durability of TAVI devices. The long-
established consensus from SAVR requires a proven
durability of 12–15 years for a new bioprostheses to be
widely implanted in the age group of 60–70 years.

Although UK TAVI register reported 85% of freedom
from structural valve deterioration (SVD) at 5-year follow-
up in patient aged 81 years [104], this is insufficient to be
extrapolated into a younger age group, not least the
findings were based on the early generation of TAVI
devices with less than 30% of patients survived to five
years. Others have used valve prosthesis pressure gradient
or its changes over time as the criteria of SVD and claimed
a lower SVD rate of TAVI than SAVR in 6-year follow-up
but unable to show any significant difference in clinical
outcome or reoperation [105].
Secondly, the TAVI device’s risk of obstructing coronary

ostia is increasingly recognized. Ochiai et al. reported the
incidence of unfavorable coronary access identified by CT
as being 16% and 35% to left coronary and 8%, 26% to
right coronary following SAPIEN 3 or Evolute R/PRO
respectively [106]. The successful rate of actual coronary
catheterization was as low as 33% and 0% compared with
91% and 78% of those without CTevidence of unfavorable
access. The self-expansion TAVI has a higher skirt and
smaller open cell size than the balloon expansion TAVI
thus producing a greater risk of restricting the access to
coronary ostia (Fig. 10) [107]. In the case of TAVI valve-
in-valve for those who had first time TAVI implant,
unfeasible coronary access occurs in over 30% of patients
[108]. This has raised significant concerns for TAVI in AS
patients at low risk and of a younger age who are more
likely than older higher risk patients to require coronary
angiography and intervention, as well as further valve
intervention. TAVI valve-in-SAVR appears to be a feasible
and safe alternative to redo SAVR for degenerative
bioprostheses. Recently the meta-analysis of 594 patients
reported by Nalluri et al. demonstrated that TAVI valve- in-
SAVR provided a comparable 30-day mortality ( 4.5% vs.
4.8%) with that of redo SAVR [109]. However, the surgical
explantation of TAVI device can be a much more morbid
procedure with technical challenges both in removing the
TAVI device and replacing it with SAVR. Fukuhara et al.
reported 782 cases of surgical replacement of TAVI device
from US Society of Thoracic Surgeon database. The 30-
day mortality was 19.4% which was 54% higher than
expected risk by STS score. In addition, 56% of cases
required concomitant procedures including coronary
bypass graft, aortic root and ascending aorta replacement
and/or mitral valve surgeries [110].
Thirdly, the incidence of clinical leaflet thrombus in

TAVI is at 4.5% per year while that of subclinical leaflet
thickening is 15% per year. The stroke rate and TIA rate
was 7-fold and 5-fold compared to those without leaflet
thrombosis [111,112]. Of note, the balloon expansion
TAVI device has a greater risk for leaflet thrombosis than
the self-expansion TAVI, due to a smaller space in the neo-
sinuses thus a weaker washing flow [113]. Oral antic-
oagulation is more effective than dual-antiplatelet agent in
resolving the leaflet thrombosis and reducing the raised
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TAVI pressure gradient.
Clearly, to consider TAVI for low-risk patients at a

younger age (below 70–75 years), the clinician lacks
comprehensive data to quantify all the risks for a given
patient that have been discussed above. In contrast, if these

low-risk patients undergo a conventional SAVR, they
would not encounter many of the above TAVI related risks,
and will have a more predictable long-term durability and
simpler management. Arguably, the SAVR should remain
as the first line choice for the index surgery, and TAVI

Fig. 9 (A) All-cause 30-day to 1-year mortality after aortic valve replacement as a function of systolic blood pressure is analyzed in Cox
proportional hazard models using restricted cubic splines technique. This identified worsening outcome for those with systolic blood
pressure below 115–120 mmHg. (B) All-cause 30-day to 1-year mortality after aortic valve replacement as a function of diastolic blood
pressure is analyzed in Cox proportional hazard models using restricted cubic splines technique. This identified worsening outcome for
those with diastolic blood pressure below 55–60 mmHg. Modified with permission from Lindman et al., J Am Heart Assoc, 2019; 8(21):
100–129.
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could be reserved for when the redo surgery for SAVR
becomes indicated some 12–15 years later. By then these
patients will be older and have a risk profile more
justifying a TAVI-in-SAVR solution.

Summary

Over the last half century, surgical aortic valve replacement
has evolved to offer a durable and efficient valve
hemodynamic performance with a lower procedural
complication. This allows favorable remodelling of left
ventricular structure and function. The latter has become
more challenging among the elderly population following
trans-catheter aortic valve replacement. Precise under-
standing of myocardial adaptation to pressure and volume

overload and its responses to valve surgery requires
comprehensive physiologic assessments from aortic
valve energy loss and valvular-vascular impedance to
myocardial activation, force-velocity relationship and
myocardial strain. Left ventricular hypertrophy and
myocardial fibrosis remains the structural and morpholo-
gical focus in this endeavor. Early intervention in
asymptomatic aortic stenosis or regurgitation along with
individualised management of hypertension and atrial
fibrillation is likely to improve patient outcome. Physio-
logic pacing via the His-Purkinje system for conduction
abnormalities, further reduction in para-valvular aortic
regurgitation and systematic treatment with angiotensin
receptor blockade will improve patient outcome by
facilitating hypertrophy regression, LV coordinate con-
traction and global vascular function. Obstruction by the

Fig. 10 Concept of impaired coronary access after TAVI-in-TAVI. After the implantation of a single TAVI prosthesis, catheters can reach
the coronary ostium through its open-cell stent frame (A and B). The implantation of a second device inside the previous pushes and
spreads out the old leaflets along the stent, making it “covered” and not crossable anymore (C and D). The loss of stent free-flow together
with the overlap of the 2 metallic stent frames even above the leaflet level will impair catheter navigation inside the aortic root and
coronary cannulation. Modified with permission from Buzzatti et al., JACC Cardiovasc Imaging, 2020; 13(2 Pt 1): 508–515.
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TAVI device of the coronary ostia imposes a significant
access risk to TAVI-in-TAVI and future coronary inter-
ventions. Until comparable long-term durability and
effective mitigation of TAVI related complications,
surgical AVR remains the first choice for lower risk
younger AS patients.
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