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BACKGROUND: Severe aortic stenosis (AS) is associated with left ventricular (LV) remodelling, likely causing
alterations in coronary blood flow and microvascular resistance.

AIMS: We aimed to evaluate changes in absolute coronary flow and microvascular resistance in patients with AS
undergoing transcatheter aortic valve implantation (TAVI).

METHODS: Consecutive patients with AS undergoing TAVI with non-obstructive coronary artery disease in the left
anterior descending artery (LAD) were included. Absolute coronary flow (Q) and microvascular resistance (R ) were
measured in the LAD using continuous intracoronary thermodilution at rest and during hyperaemia before and after
TAVI, and at 6-month follow-up. Total myocardial mass and LAD-specific mass were quantified by echocardiography
and cardiac computed tomography. Regional myocardial perfusion (Q,,) was calculated by dividing absolute flow by
the subtended myocardial mass.

RESULTS: In 51 patients, Q and R were measured at rest and during hyperaemia before and after TAVI; in 20 (39%)
patients, measurements were also obtained 6 months after TAVI. No changes occurred in resting and hyperaemic
flow and resistance before and after TAVI nor after 6 months. However, at 6-month follow-up, a notable reverse
LV remodelling resulted in a significant increase in hyperaemic perfusion (Q, .: 0.86 [interquartile range {IQR}
0.691.06] vs 1.20 [IQR 0.99-1.32] mL/min/g; p=0.008; pre-TAVI and follow-up, respectively) but not in resting
perfusion (Q . : 0.34 [IQR 0.30-0.48] vs 0.47 [IQR 0.36-0.67] mL/min/g; p=0.06).

CONCLUSIONS: Immediately after TAVI, no changes occurred in absolute coronary flow or coronary flow reserve.
Over time, the remodelling of the left ventricle is associated with increased hyperaemic perfusion.
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gressive increase in afterload and wall stress, and sec-

ondary concentric remodelling’2. These changes might
ultimately provoke angina despite the absence of obstructive
coronary artery disease.

When comparing absolute flow and resistance in patients
with and without AS, we observed that with the progression
of left ventricle (LV) hypertrophy (LVH), myocardial perfusion
was maintained at rest but not during hyperaemia®.

By alleviating the to flow,
implantation is supposed to improve myocardial perfusion
and microcirculatory function. Due to the lack of accurate
measures of volumetric flow and absolute microvascular
resistance, the extent and time course of these changes have
not been well defined*’. The recent development of continuous
intracoronary thermodilution to assess absolute coronary
flow and resistance in an operator-independent manner®®
enables clinicians to better characterise the interplay between
LV mass, flow and resistance in patients with AS.

The aim of the present study (unlike our previous one
comparing flow and resistance in patients with and without
severe AS®) is to explore the physiological changes in the
microcirculatory function by using continuous intracoronary
thermodilution to assess both resting and hyperaemic
absolute coronary flow and microvascular resistance before
transcatheter aortic valve implantation (TAVI), immediately
after TAVI, and at 6-month follow-up.

f ;evere aortic stenosis (AS) is characterised by a pro-

resistance aortic valve

‘ Editorial, see page e1196

Methods
DESIGN AND STUDY POPULATION
In this observational, single-centre, prospective study,

consecutive patients undergoing TAVI for symptomatic severe
AS from June 2021 to January 2023 at the Cardiovascular
Center Aalst (Aalst, Belgium) were considered eligible. Inclusion
criteria were as follows: (1) presence of normal-flow, high-
gradient severe AS; and (2) absence of significant epicardial
stenosis in the left anterior descending artery (LAD; defined as
diameter stenosis [DS] >50% by visual estimation). Exclusion
criteria were the following: (1) previous myocardial infarction
(MI); (2) previous coronary artery bypass graft (CABG) in the
LAD territory; (3) valve-in-valve procedure; (4) left ventricular
ejection fraction (LVEF) <50%; (5) low-flow, low-gradient AS;
and (6) left bundle branch block or right ventricular pacing.
All patients underwent cardiac computed tomography
(CCT), echocardiography, and left and right catheterisation
as part of TAVI procedural planning (data concerning the left
and right catheterisation are listed in Supplementary Table 1)°.
Physiological assessments of flow and resistance were performed
before and immediately after TAVI in all patients. Details about

Absolute coronary flow before and after TAVI

Impact on daily practice

Coronary microvascular dysfunction (CMD) is common
among patients with severe aortic stenosis and has been
shown to be related to the extent of extra-valvular cardiac
damage. In the present study, we demonstrated that
absolute resting and hyperaemic flow, as well as coronary
flow reserve, remained unchanged before transcatheter
aortic valve implantation (TAVI), after TAVI and at
6-month follow-up, likely reflecting irreversible structural
damage of the microcirculation. Further investigations are
needed to assess the prognostic impact of CMD in these
patients and the potential role of microcirculatory function
as a marker of early adverse cardiac remodelling requiring
anticipated future interventions.

size and types of implanted valves are presented in Supplementary
Table 2. Clinical follow-up was performed approximately at
6 months after TAVI with echocardiography and, in a subgroup
of patients, also with coronary angiography and invasive
physiological intracoronary
thermodilution. A detailed description of the echocardiographic
protocol is provided in Supplementary Appendix 1. The protocol
was approved by the institutional review board of the Onze-
Lieve-Vrouw Clinic in Aalst, Belgium (registration number:
2021/033). The present study was conducted according to the
Declaration of Helsinki; all patients were informed about their
participation in the study and provided informed consent for
the anonymous publication of scientific data. Patients were not
involved in the research process.

assessment  with continuous

CORONARY ANGIOGRAPHY AND INVASIVE PHYSIOLOGICAL
ASSESSMENT

Coronary catheterisation was performed through either
radial or femoral access. A 6 Fr guiding catheter was used to
cannulate the LAD. A guidewire equipped with a pressure/
temperature sensor (PressureWire X [Abbott]) was connected
to a dedicated software for tracings analysis (CoroFlow
Cardiovascular System [Coroventis]) and, after zeroing,
was advanced through the guiding catheter. The pressures
recorded by the pressure/temperature wire and by the fluid-
filled guide catheter were equalised close to the tip of the
guiding catheter. Next, the wire was advanced into the distal
part of the coronary artery. Thereafter, the distal coronary
pressure to aortic pressure ratio (Pd/Pa) and resting full-cycle
ratio (RFR) were recorded.

CONTINUOUS INTRACORONARY THERMODILUTION
Absolute coronary blood flow and microvascular resistance
were measured with continuous intracoronary thermodilution

Abbreviations

AS aortic stenosis LAD  left anterior descending artery NHPR non-hyperaemic pressure ratio

CABG coronary artery bypass graft v left ventricle Q absolute coronary flow

CCT  cardiac computed tomography LVEF  left ventricular ejection fraction R, absolute microvascular resistance

CFR  coronary flow reserve MRR  microvascular resistance reserve TAVI transcatheter aortic valve implantation
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of saline through a dedicated monorail infusion microcatheter
with 4 distal side holes (RayFlow [Hexacath]). The method
has been already described elsewhere, and details are reported
in Supplementary Appendix 161012,

Absolute coronary flow (Q in mL/min) and resistance (R, in
Wood units [WU]) as derived from continuous thermodilution
were calculated by the previously validated equations both
at rest (Q,, and R, respectively) and during hyperaemia
(thper and Ru,h.vper)m’lg'

Coronary flow reserve (CFR) was calculated as the ratio
between Q, . and Q. Microvascular resistance reserve
(MRR) was calculated as the ratio of CFR to fractional
flow reserve (FFR) and corrected for the changes in systemic
pressure as previously described*.

CARDIAC COMPUTED TOMOGRAPHY, MYOCARDIAL MASS
AND PERFUSION QUANTIFICATION

The myocardial mass quantification has been described in
detail previously and is provided in Supplementary Appendix 1°.
In brief, vessel-specific myocardial mass was quantified by the
CCT images using Voronoi’s algorithm with dedicated software
(Synapse 3D [Fujifilm Healthcare Solutions])’. The values of
the total LV myocardial mass, the vessel-specific myocardial
mass, and the percentage of LAD mass for the total LV mass
were exported. Myocardial perfusion at rest (Q ) and during
hyperaemia (Q,,..,) were calculated by dividing absolute flow by
the specific myocardial mass subtended by the LAD (calculated
as the % of LAD mass obtained by CCT angiography on the
total LV mass obtained by echocardiography). Myocardial
perfusion at rest (Q ) and during hyperaemia (Qy, ) were
calculated by dividing absolute flow for the specific myocardial
mass subtended by the LAD.

STATISTICAL ANALYSIS AND SAMPLE SIZE CALCULATION

The distribution of continuous variables was assessed visually
by histograms or the Shapiro-Wilk test as appropriate.
Continuous variables with normal distribution are expressed
as meanzstandard deviation and non-normally distributed

Patients referred for
TAVI were screened for inclusion

Patients included

Continuous thermodilution performed
before and after TAVI

Complete clinical and
echocardiographic FU
N=51

variables as median (interquartile range). Categorical
variables are expressed as count and percentages. Normal
ranges are presented as the 5™ and 95" percentiles. The
Student’s t-test and chi-square test were used to compare
differences between continuous and categorical variables,
respectively. Pearson’s correlation coefficient and linear
regression models were fitted to evaluate the association
between continuous variables. Details about the sample size
calculation are reported in Supplementary Appendix 1; based
on an expected mean difference in CFR before and after TAVI
of approximately 15-20% to achieve a power of 80% and
a significance level of 5%, the minimum required sample size
ranged between 19 and 34 patients.

All analyses were performed with R statistical software (R
Foundation for Statistical Computing). P<0.05 was considered
statistically significant.

Results

STUDY POPULATION

Between June 2021 and January 2023, we
117 patients referred for a TAVI procedure for inclusion in
our study. Among them, 66 patients were excluded, and
51 patients were eventually included in the study (12 of
whom were already included in our previous pilot study?).
Invasive absolute flow measurements were performed in the
following patients:

e The overall cohort (N=51) underwent absolute flow
measurements at rest and during hyperaemia before and
immediately after TAVI;

¢ A subgroup of 20 patients also had these measurements
performed at 6-month follow-up.

The study flowchart is presented in Figure 1. In the overall
population, the mean age was 83.7+5.0 years, and 16 were
male (31.4%). The most prevalent clinical presentation was
dyspnoea, in New York Heart Association Class II-IIT (92.2%);
9.8% of patients had angina, and 11.8% had syncope. Baseline
characteristics of the overall population are summarised in
Table 1; those of the subset of patients who underwent invasive

screened

Patients excluded

18 with previous CABG
© 22 with LVEF <50%

o 4 with ViV

22 with 0CAD

Continuous thermodilution performed at FU

Figure 1. Study flowchart. CABG: coronary artery bypass graft; FU: follow-up; LVEF: left ventricular ejection fraction;
OCAD: obstructive coronary artery disease; TAVI: transcatheter aortic valve implantation; ViV: valve-in-valve
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Table 1. Baseline characteristics.

Characteristic m

Male sex 16 (31.4)
Age, years 83.7+5.0
BMI, kg/m2 26.0+£5.3
Smoking habitus 9(17.6)
Hypertension 43 (84.3)
Diabetes 16 (31.4)
Dyslipidaemia 42 (82.4)
Afib 4 (7.8)
History of Afib 17 (33.3)
Creatinine, mg/dL 1.07+0.74
GFR, mL/min/1.73 m2 62.71+£19.38
CKD 16 (31.4)
History of CAD 10 (19.6)
Previous PCI 8 (15.7)
Previous Ml 1(2.0)
Pacemaker 3(5.9)
Angina 5(9.8)
Dyspnoea 49 (96.1)
Syncope 6(11.8)
Previous HF hospitalisation 6(11.8)
Diuretics 27 (52.9)
Antialdosteronics 10 (19.6)
ACEIi/ARBs 25 (49.0)
Statins 38 (74.5)
Beta blockers 23 (45.1)
Calcium channel blockers 16 (31.4)
Insulin 3(5.9)
OAD 14 (27.5)
Anticoagulation 14 (27.5)
Aspirin 17 (33.3)
P2Y , inhibitors 11 (21.6)

Data are expressed as number (percentage) or meanzstandard deviation.
ACEi: angiotensin-converting enzyme inhibitors; Afib: atrial fibrillation;
ARBs: angiotensin Il receptor blockers; BMI: body mass index;

CAD: coronary artery disease; CKD: chronic kidney disease;

GFR: glomerular filtration rate; HF: heart failure; MI: myocardial infarction;
OAD: oral antidiabetics; PCI: percutaneous coronary intervention

physiological assessment at 6-month follow-up are shown in
Supplementary Table 3.

ECHOCARDIOGRAPHIC DATA AND CARDIAC REMODELLING
All 51 patients completed clinical and echocardiographic
follow-ups. The mean follow-up time was 6.1+1.3 months.
Echocardiographic data are reported in Supplementary
Table 4.

The mean transaortic  pressure  gradient  was
51.5+10.2 mmHg, with a mean peak aortic jet velocity of
4.43+0.40 cm/s and a mean aortic valve area of 0.62+0.41 cm?.
The mean LV myocardial mass was 201.9+37.9 g, with 72.5%
of patients presenting with concentric LVH. Echocardiographic
data at discharge are shown in Supplementary Table 5.

Absolute coronary flow before and after TAVI

At follow-up, there was a significant reduction in left
ventricular mass of approximately 13% (from 201.9+37.9 g
to 175.1+46.6 g; p<0.001) with a decrease of the septal
thickness (from 14.0+1.7 mm to 11.8+1.9 mm; p<0.001).
Consequently, the percentage of patients with LVH decreased
from 72.5% to 51.0% (p=0.041).

PRE- AND IMMEDIATELY POST-TAVI FLOW ASSESSMENT
Absolute flow and resistance measurements pre- and post-
TAVI are listed in Table 2.

There were no acute changes in either resting Pd/Pa or
RFR after TAVI (Pd/Pa: 0.91+0.03 vs 0.91x0.04; p=0.768;
RFR: 0.87+0.05 vs 0.85+0.06; p=0.081, pre- and post-TAVI
respectively). Similarly, the FFR values before and after TAVI
were similar (0.84+0.06 vs 0.83+0.06, respectively; p=0.339).

Resting flow values were similar before and immediately
after TAVI (68 [56-88] mL/min vs 69 [55-92] mL/min; p=0.776)
as well as the hyperaemic flow values (159 [129-201] mL/min
vs 172 [132-216] mL/min; p=0.449) (Supplementary Figure 1).
As a result, both CFR and MRR remained unchanged (CFR:
2.38+0.79 vs 2.47+0.97; p=0.875; and MRR: 2.72:0.97
vs 2.96x1.17; p=0.361, pre- and immediately post-TAVI,
respectively) (Supplementary Figure 1).

LONG-TERM CHANGES AFTER TAVI

In 20 patients, physiological assessment was repeated at
6-month follow-up after TAVIL. Overall, resting Pd/Pa and
RFR did not significantly change between baseline and
follow-up (Pd/Pa: 0.91+0.03 vs 0.92+0.04; p=0.788; RFR:
0.88+0.03 vs 0.87+0.06; p=0.553, pre-TAVI and follow-up,
respectively). Similarly, no significant changes were noted
in FFR values at follow-up compared to pre-TAVI values
(0.83+0.05 vs 0.84+0.07; p=0.7985, respectively).

Values of absolute flow and resistance measurements at
baseline and at follow-up are reported in Table 3.

Resting absolute flow and microvascular resistance were
similar at baseline and follow-up (Q_: 72 [63-84] vs 83
[59-108] mL/min; p=0.658; Rp’rest: 1,083 [767-1,268] vs
916 [725-1,481] WU; p=0.925; pre-TAVI and follow-up,
respectively) (Figure 2). Similarly, no changes occurred in
terms of hyperaemic flow and resistance (Q, 181 [158-201]
vs 194 [166-223] mL/min; p=0.492; R, jpert 413 [353-482]
vs 389 [341-524] WU; p=0.869; pre-TAVI and follow-up,
respectively). Consequently, both CFR and MRR remained
unchanged at follow-up (CFR: 2.45:0.76 vs 2.71x0.97;
p=0.388; MRR: 2.78+0.88 vs 2.73+0.97; p=0.854, pre-TAVI
and follow-up, respectively). Accordingly, there was a weak
correlation between the relative increase in CFR and the
relative change in myocardial mass between baseline and
follow-up (Supplementary Figure 2).

However, in terms of myocardial perfusion, a significant
increase was observed in hyperaemic perfusion between
pre-TAVI and follow-up (QN’hyper: 0.86 [0.69-1.06] vs 1.20
[0.99-1.32] mL/min/g; p=0.008; pre-TAVI and follow-up,
respectively)  (Figure 2). Resting perfusion showed
a numerically but not statistically significant increase at
follow-up (Q,_..: 0.34 [0.30-0.48] vs 0.47 [0.36-0.64] mL/
min/g; p=0.061). When comparing the relative changes in
myocardial mass and myocardial perfusion at rest and during
hyperaemia (Figure 3), the regression model showed that
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Table 2. Absolute flow and resistance measurements collected pre- and post-TAVI.

Pre-TAVI
(N=51)
Pd

B 76+19 77+14 0.261
Pa,, 83+19 85+13 0.184
Pd/Pa 0.91:0.03 0.91:0.04 0.768
RFR 0.87+0.05 0.85+0.06 0.081
Q,,, mUmin 68 [56-88] 69 [55-92] 0.776
R, e WU 1,145 [796-1,277] 1,147 [822-1,299] 0.944

o 72415 72415 0.973
Pay,.. 86+16 87+16 0.611
FFR 0.84:0.06 0.83+0.06 0.339
Q,,., mL/min 159 [129-201] 172 [132-216] 0.449

i WU 438 [370-532] 422 [332-520] 0.458
CFR 2.38+0.79 2.47+0.97 0.875
MRR 2.72+0.97 2.96+1.17 0.361
Qy ooy MUmMin/g 0.34 [0.27-0.50] 0.38[0.29-0.45] 0.710
Q50 ML/MiN/g 0.75[0.63-1.05] 0.85[0.71-1.08] 0.349
R,y WU/ 5.53 [3.78-6.90] 5.44 [3.80-7.75] 0.880
R nyoer WU/ 2.17[1.83-2.87] 2.13[1.60-3.04] 0.529
CPP, mmHg 42.3+14.1 37.6+18.1 0.152
LVEDP, mmHg 17.1%8.0 18.127.3 0.443

Data are presented as meanzstandard deviation or median [interquartile range]. CFR: coronary flow reserve; CPP: coronary perfusion pressure;

FFR: fractional flow reserve; LVEDP: left ventricular end-diastolic pressure; MRR: microvascular resistance reserve; Pa: aortic pressure; Pd: distal coronary
per’ m_yocardlal perfusion du_rlng h_yperaemla; QNM: myocardial p_erfusmn at rest; Q: absolute
microvascular hyperaemic resistance normalised for myocardial mass; R
.+ absolute microvascular resistance during hyperaemia; R

pressure; thpev: absolute hyperaemic coronary flow; Q oy
coronary flow at rest; RFR: resting full-cycle ratio; R
resistance at rest normalised for myocardial mass; R
rest; TAVI: transcatheter aortic valve implantation;

Table 3. Absolute flow and resistance measurements at baseline and at 6-month follow-up.

(N=20) (N=20)

Pd..., 79+26 78+14 0.791
Pa ., 87+26 84 +12 0.755
Pd/Pa 0.91+0.03 0.92+0.04 0.788
RFR 0.88+0.03 0.87+0.06 0.553
Pd,oer 75+17 76+13 0.942
Pa e 89+19 90+£15 0.859
FFR 0.84+0.07 0.83+0.05 0.795
Q,,, mL/min 72 [63-84] 83 [69-108] 0.658
Q,,., MmL/min 181 [158-201] 194 [166-223] 0.492
R, pesr WU 1,083 [767-1,268] 916 [725-1,481] 0.925

wiyperr WU 413 [353-482] 389 [341-524] 0.869
CFR 2.45+0.76 2.71+0.97 0.338
MRR 2.78+0.88 2.73+0.97 0.854
LV mass, g 20847 164+24 <0.001
LV mass indexed, g/m? 118+23 100+34 <0.001
Q ey ML/Min/g 0.34 [0.30-0.48] 0.47 [0.36-0.64] 0.061
Qy e ML/Min/g 0.86 [0.69-1.06] 1.20[0.99-1.32] 0.008
Ry nesr WU/E 5.05[3.97-6.84] 5.61 [4.47-9.03] 0.256
R, npyperr WU/E 2.09[1.76-2.89] 2.31 [2.05-3.20] 0.304

pyrest”

«: Microvascular
: absolute microvascular resistance at

Data are presented as mean+standard deviation or median [interquartile range]. CFR: coronary flow reserve; FFR: fractional flow reserve; LV: left
ventricular; LVEDP: left ventricular end-diastolic pressure; MRR: microvascular resistance reserve; Pa: aortic pressure; Pd: distal coronary pressure;

Q

hyper

temperature at rest; T

: absolute hyperaemic coronary flow; Q,
at rest; RFR: resting full-cycle ratio; R

rest normalised for myocardial mass; R
TAVI: transcatheter aortic valve implantation; Thy
mixed temperature at rest; WU: Wood units

: myocardial perfusion during hyperaemia; Q
microvascular hyperaemic resistance normalised for myocardial mass; R
absolute microvascular resistance during hyperaemia; R, .+ absolute microvascular resistance at rest;

por® mixed temperature during hyperaemia; T : infusion temperature during hyperaemia; Twe
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Figure 2. Absolute flow and myocardial perfusion at baseline and at 6-month follow-up (N=20). Boxplots with stripcharts
showing differences between absolute flow and myocardial perfusion at rest (Q,,, and Q,, , ; A,C) and during hyperaemia (Q, .,
Oy pypers B:D) at baseline (pre-TAVI) and at 6-month follow-up. Q,  : absolute hyperaemic coronary flow; Q, . : myocardial
perfusion during hyperaemia; Q, . : myocardial perfusion at rest; O, : absolute coronary flow at rest

despite changes in myocardial mass, the resting perfusion did
not change significantly (R=0.32 [-0.12 to 0.68]; p=0.145).
However, there was a significant inverse linear correlation
between LV remodelling and the hyperaemic perfusion
(R=-0.48 [-0.76 to -0.05]; p=0.03), the latter increasing
along with a decrease in LV myocardial mass.

Discussion
In the present study, we collected the largest dataset concerning
absolute coronary flow and microvascular resistance at

rest®

rest and during hyperaemia in patients with AS before and
after TAVL, and at 6-month follow-up. The findings of our
study can be summarised as follows (Central illustration): (1)
no immediate changes occurred in terms of flow and flow
reserve post-TAVL, and this remained consistent at 6-month
follow-up; (2) TAVI induces a significant reverse remodelling
of the LV with a significant reduction in the global myocardial
mass; and (3) consequently, this reverse remodelling results
in a significant improvement of hyperaemic perfusion at
follow-up.
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Figure 3. Correlation between the relative changes in myocardial mass and myocardial perfusion between baseline and follow-up
measurements. Scatter plot with correlation and regression equation between relative changes in perfusion and mass before
TAVI and at follow-up, at rest (A) and during byperaemia (B). AQ, represents the relative change expressed as a percentage
between myocardial perfusion before and after TAVI (both at rest [AQ,, ] and during hyperaemia [AQ,, ]). A mass
represents the relative change in the subtended mass before TAVI and at follow-up expressed as a percentage.

Opipypert Myocardial perfusion during byperaemia; O, : myocardial perfusion at rest

ACUTE HAEMODYNAMIC CHANGES AFTER TAVI

In the haemodynamic model of aortic stenosis, the anatomical
position of the valve precedes the coronary arteries resulting
in increased afterload and reduced ‘coronary perfusion
pressure. It is theoretically expected that TAVI, by alleviating
this obstruction, would acutely result in a significant increase
in coronary perfusion pressure, thus enhancing coronary
blood flow.

The evidence so far, remains controversial.
One study utilising Doppler measurements supported this
theoretical paradigm by showing an “instantaneous” effect
of transcatheter aortic valve implantation on coronary flow
velocities. This resulted in an increase in the hyperaemic average

however,

peak velocity and a decrease in hyperaemic microvascular
resistance, resting flow and
unchanged'®. Furthermore, the observed changes were even
more pronounced after excluding those patients with aortic
regurgitation post-TAVI, resulting in a global increase of flow
reserve. However, these findings were not confirmed by two
small studies which showed that CFR was not affected by the
immediate reduction in LV afterload after TAVI'715,

In our study, utilising a direct and quantitative assessment
of coronary flow in mL/min, we found no significant acute
changes in terms of absolute flow or microvascular resistance
neither at rest nor during hyperaemia after TAVI, leaving both
CFR and MRR substantially unchanged. Stated another way,
the immediate impact of TAVI on coronary haemodynamics
appears to be negligible, suggesting that the exertional angina
experienced, despite the absence of coronary artery stenosis,

while resistance remained

cannot be fully attributed to a reduced coronary flow but
rather to a mismatch between coronary blood flow and the
increase in LV mass resulting from the concentric remodelling
induced by the elevated afterload.

LONG-TERM CHANGES AFTER TAVI

As previously shown, aortic valve stenosis, by increasing the
afterload, triggers a compensatory mechanism of concentric
remodelling of the LV which aims to reduce the heightened
wall stress. Consequently, at rest, coronary autoregulation
works to augment coronary flow in order to maintain an
adequate perfusion. However, during hyperaemia, these
autoregulatory mechanisms are unable to increase coronary
flow to a level that would provide sufficient myocardial
perfusion for the increased left ventricular mass®.

So far, the results of studies assessing long-term changes in
coronary haemodynamics after TAVI have been inconclusive.
While earlier studies suggested that hyperaemic coronary
blood flow increases acutely immediately after TAVI and also
tends to increase over time after the procedure', others have
shown that resting coronary flow decreases while hyperaemic
flow remains constant?.

In our study, we did not observe at follow-up any significant
changes either in resting or in hyperaemic absolute coronary
flow, resulting in an unchanged CFR. Notably, myocardial
perfusion at rest remained unchanged, whereas hyperaemic
perfusion significantly increased, mainly driven by the reverse
remodelling of the LV rather than an increase in absolute
hyperaemic flow (Figure 3).
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Summary and main results of the study.
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PRACTICAL CONSIDERATIONS AND CLINICAL IMPLICATIONS
In the context of the pathophysiological changes observed
in coronary microcirculation in patients with AS after
TAVI, our study suggests that the reverse LV remodelling
has a more significant impact than the acute LV unloading
achieved by replacing itself. The reverse
remodelling plays a crucial role in improving hyperaemic
myocardial perfusion and ensuring an adequate oxygen
supply to the myocardium.

As mentioned previously, it was anticipated that patients
undergoing TAVI would experience a decrease in baseline
perfusion due to both acute changes in LV filling pressures
and long-term regression of LV hypertrophy; however, among
published studies, only one showed a decrease in resting
parameters®®. Despite the limitation of the small sample
sizes, these studies, along with ours, do not demonstrate
a substantial impact of TAVI on resting perfusion. These
results highlight the remarkable ability of autoregulation to
compensate for significant pathophysiological changes under
resting conditions?!, with the primary impact of TAVI only
being observed at follow-up during hyperaemic conditions.

the valve

Second, the controversial and inconclusive results reported
in previous studies may be attributed to the heterogeneity
of the tools used to assess coronary microcirculation. In our
study, we employed continuous intracoronary thermodilution,
which is more operator independent and characterised by
a lower intraobserver variability compared to intracoronary
Doppler and bolus thermodilution?*?*, This variation in
assessment methods may explain the divergent outcomes
observed in our study compared to others?.

Third, it has been shown that coronary microvascular
dysfunction in patients with severe AS is associated with
advanced extravalvular cardiac damage and that coronary
abnormalities detected in an end-stage of the natural history
of AS might be a sign of adverse remodelling and disease
severity®>?. Yet, in the present study, despite the reverse
remodelling observed at follow-up, absolute flow and
resistance as well as CFR and MRR remained unchanged,
likely reflecting irreversible structural damage of the coronary
microcirculation.

Finally, the value reported for resting myocardial perfusion
(median 0.34 mL/min/g) appears to be relatively low compared
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to prior animal and human studies. This discrepancy might
be related to (i) the selected study population of old patients
with severe AS, LV hypertrophy, and likely a certain degree
of myocardial fibrosis, which is hardly comparable with
populations of previously published studies; and (ii) the
method adopted for calculating the mass used to normalise
the absolute flow. Specifically, we tried to solve an apparent
divergence (likely due to LV concentric hypertrophy driven by
AS) that was found between CT and echocardiography-derived
myocardial mass (Supplementary Figure 3) by combining the
two methods (Supplementary Appendix 1). On the other hand,
it should be acknowledged that the main finding of our study
regarding myocardial perfusion was the variation between
baseline and 6-month follow-up; therefore, changing the
method for relative mass derivation would not have challenged
the robustness of this result, as the method remained the same
for each timepoint of the study and for each patient.

AORTIC STENOSIS, CORONARY FLOW AND FUNCTIONAL
INDICES

Another important clinical implication of our study pertains
to the ongoing debate concerning the use of resting and
hyperaemic pressure indices to evaluate the functional severity
of epicardial stenosis in patients with aortic stenosis. The
findings from different studies have been contradictory, with
some studies suggesting that the non-hyperaemic pressure
ratio (NHPR) may be less affected by AS, while more recent
studies have demonstrated that FFR is a more stable and
reliable index in this specific subgroup of patients!®2¢-3,

As previously demonstrated, patients with AS often
experience concentric remodelling which can lead to an
increase in absolute resting flow compared to healthy control
patients®. This increase in flow may affect the accuracy of
resting pressure indices such as the NHPR. However, in our
study, we did not observe any changes in NHPR or FFR after
aortic valve implantation, which likely reflects the absence
of significant changes in terms of absolute resting and
hyperaemic flow.

What implications do these findings have for clinical
practice? It is undeniably evident that the debate concerning
the accuracy of FFR and NHPR in this subset of patients
is far from settled, even considering our results. Notably,
the recent ACTIVATION trial, which assessed the benefit
of percutaneous coronary (PCI) prior to
transcatheter aortic valve implantation, demonstrated no
benefit but instead an increased risk of bleeding for patients
undergoing PCI prior to TAVI!. Therefore, it may be
advisable to defer the physiological assessment and treatment
of intermediate coronary stenosis until after the TAVI
procedure, in order to avoid any potential bias related to the
presence of AS.

intervention

Limitations

Although our study was adequately powered based on an
anticipated mean difference in CFR before and after TAVI
of approximately 15-20%, the final sample size, particularly
for the subgroup undergoing follow-up assessment, remained
small. This limitation precluded us from conducting
specific subanalyses, thus necessitating further validation
of our findings through larger-scale studies. In addition,
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approximately 60% of patients did not undergo a second
coronary angiography at follow-up; in most cases, advanced
age and patient frailty, along with the absence of symptoms,
were among the primary reasons leading patients to
decline a second coronary angiography, which, although
recommended, was not mandatory for study enrolment.

Furthermore, the method we used to calculate myocardial
perfusion, by normalising the absolute flow and myocardial
mass subtended by the LAD, is based on the evidence of
a strict correlation between flow and mass*?3*, but still needs
further validation from larger studies with positron emission
tomography-derived resting myocardial flow, both in normal
patients as well as in specific settings such as patients with
AS and LVH.

Finally, we opted to exclude patients with reduced ejection
fraction, including those with low-flow, low-gradient aortic
stenosis, who often exhibit microvascular dysfunction®%.
This decision aimed to mitigate the confounding influence
of reduced ejection fraction on coronary microcirculation®.
Consequently, our findings are applicable solely to patients
with normal-flow, high-gradient aortic stenosis.

Conclusions

There were no significant differences observed in absolute
resting and hyperaemic coronary blood flow before,
immediately after, and — in a small subgroup of 20 patients
— at 6 months after TAVI in patients with severe aortic valve
stenosis. Similarly, perfusion at rest remained unchanged over
time. However, hyperaemic perfusion increased with time in
patients with reverse LV remodelling. These findings suggest
that coronary autoregulation remained preserved/intact at the
different timepoints and cannot solely explain the underlying
cause of exercise-induced angina in AS. Nevertheless, the
inverse relationship between perfusion and regression of
LVH during hyperaemia suggests that a mismatch between
perfusion and LV mass could contribute to this phenomenon.
It implies that the hyperaemic perfusion may not be sufficient
to meet the demands of the increased LV mass in AS patients,
leading to the development of symptoms.

These observations highlight the complex interplay between
coronary perfusion, LV remodelling and exercise-induced
angina in patients undergoing TAVI. Further investigations
are needed to better understand the mechanisms involved and
identify strategies to optimise the timing of interventions to
alleviate symptoms in this patient population.
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Sample Size Calculation
Our study aims to assess whether TAVI induces a significant change in CFR in patients with
severe AS. Therefore, in case of matched samples and using a continuous variable as main

outcome the sample size can be calculated as following:

= (Zi—ajz + Z1-p) 2
ES
Where a is the level of significance (set a 0.05), 3 is the power (0.80) and Zi.o/2 and Z;.p are

the standard normal values given 1-0/2 (as for a two-tailed test) and 1-f3.

The Effect Size (ES) is the expected effect of our treatment and is calculated as

_ Ha
04

ES

where p4 is the mean difference expected under the alternative hypothesis, Hi, and o4 is the standard
deviation of the difference in the outcome (e.g., the difference based on measurements over time or the
difference between matched pairs).

Therefore, based on the available data (1-4): assuming an increase of approximately 15 to 20% in CFR
(difference of 0.34 to 0.46 units) and an estimated 6q 0.7 the minimum sample size would range

between 19 and 34 patients.

Echocardiography

Comprehensive Transthoracic echocardiography (TTE) was performed as part of routine
clinical practice using a high-quality ultrasound system (GE E95 or GE S70, GE Healthcare
Horten, Norway) with a 3.5-MHz-phased array transducer (MS5S). Echocardiographic
examinations were performed following the recommendations of the American Society of

Echocardiography and the European Association of Cardiovascular Imaging. All images were



stored for offline analysis by a cardiologist experienced in cardiac imaging, blinded to the
invasive findings. Data were analyzed offline using dedicated software (EchoPAC PC SW-
Only, version 202, GE Healthcare, Milwaukee, WI, USA). Left ventricular ejection fraction
(LVEF) was calculated using Simpson’s biplane method. LV mass was calculated with the
corrected formula of the American Society of Echocardiography (ASE) and was indexed to
BSA (1). Accordingly, LV hypertrophy has been assigned in the case of LV mass/BSA(g/m2)
>95 in women and > 115 in men.

Left ventricle reverse remodelling after TAVI was defined as the presence in
echocardiographic assessment at follow-up of: i) a decrease >20% of LVMI and/or ii) a
decrease >20% of LVEDV and/or iii) an improvement >10% of LVEF.

Peak aortic velocity was recorded using continuous-wave Doppler in several acoustic windows
(apical 5-chamber). The highest aortic velocity was used to calculate aortic time—velocity
integral, mean pressure gradient (MPG), and Vimax. AVA was calculated by the continuity
equation. According to the results of peak velocity, MPG and AVA severity of aortic valve
stenosis was assessed. LV diastolic function was evaluated by E, ¢' velocities, E/e', left atrial
volume index (LAVi), and tricuspid regurgitation velocity. Determination of LV diastolic

function was made using the algorithm proposed by the guidelines.

Continuous Intracoronary thermodilution

Absolute coronary blood flow and microvascular resistance were measured with continuous
intracoronary thermodilution of saline through a dedicated monorail infusion 2.52 F
microcatheter with 4 distal side holes (RayFlow®, Hexacath, Paris, France) The RayFlow®
was connected to the 200-cc motorized syringe of an automated injection system (Medrad®
Stellant, Medrad Inc, Warrendale, PA, USA) filled with saline at room temperature (typically

between 20 and 23°C); then the microcatheter was advanced over the pressure/temperature



wire and its tip positioned into the first millimetres of the vessel. The temperature recorded was
zeroed before starting saline infusion. Absolute resting (Qresr) and hyperaemic (Qnyp) flow
measurements were obtained by using a saline infusion rate of 10 and 20 mL/min, respectively.
The infusion pump was automatically programmed — as previously described - to (i) infuse
saline at 10 mL/min for 2 minutes for the measurement of the temperature of blood mixed with
infused saline (T); then (i1) to switch automatically to 20 mL/min for 1.5 minutes for the
measurement of the temperature of blood mixed with infused saline (T) as well as — after a
swift pullback of the temperature-sensor — for the measurement of hyperaemic saline infusion
temperature (T1); and (iii) to switch back to 10 mL/min for 1 minute for the measurement of
resting Ti. These techniques allowed for the calculation of resting and hyperaemic flow and
resistance in one single procedure.

Absolute coronary flow (Q, mL/min) as derived from continuous thermodilution was

calculated by the previously validated equation:

T.
Q=108"-2-0; M

Where Q; is the infusion rate of saline. Absolute resistance at rest (Ry, resr) and during
hyperaemia (R, nper) in Woods Units (WU) were calculated as the ratio between the distal
coronary pressure during each infusion (Ps) and Qyes: or Qpyper, respectively. Coronary Flow
Reserve (CFR), was calculated as the ratio between Qpyper and Qresr. MRR was calculated as

previously described:

FFR Py pnyper 2

After aortic valve implantations, coronary angiography, invasive physiological assessment and

continuous thermodilution measurements were repeated.



Cardiac computed tomography, myocardial mass and perfusion quantification

CCT was performed with a dual-source CT scanner (Somatotom Force 2 x 192-slice, Siemens,
Germany) according to the protocol recommended by the Society of Cardiovascular Computed
Tomography. Vessel-specific myocardial mass was quantified by the CCT images using the
Voronoi’s algorithm with a dedicated software (Synapse 3D, Fujifilm Healthcare Solutions,
Holdings America Corporation). A voxel in the LV myocardium was linked to the nearest voxel
on the adjacent coronary artery. Subsequently the algorithm automatically calculates the
territory by aggregating all myocardial voxels associated to the voxels of the coronary artery
that are distal to the target point. The values of the total LV myocardial mass, the vessel-specific
myocardial mass and the percentage of LAD mass on the total LV mass were exported.
Myocardial perfusion at rest (Qw.resr) and during hyperaemia (Qn-nyp) Were calculated by

dividing absolute flow for the specific myocardial mass subtended by the LAD.

TAVI Procedure

The procedure was performed under awake sedation in all the patients.

Right femoral access for valve delivery and left femoral access for aortic root angiography
were first obtained.

In patients undergoing balloon-expandable valve implantation left femoral vein was cannulated
to place a stimulating catheter in the right ventricle whereas or self-expandable valve, pacing
was performed over the wire.

The main femoral access was pre-closed with two suture-based vascular closure devices
(ProGlide, Abbott, Abbott Park, Illinois).

The TAVI delivery sheath was inserted into the main access using a stiff wire. Then a Judkin

Left 4 (JL4) guiding catheter was introduced in the TAVI delivery sheath to cannulate the left



coronary artery to perform the invasive physiological assessment. Afterward, using an Amplatz
left (AL 1) catheter and a standard straight-tipped metallic wire the aortic valve was crossed,
the catheter advanced into the LV and the straight-tipped wire was removed for an exchange
length J-shaped wire. A pigtail catheter was placed in exchange for the catheter in the LV and
directed towards the LV apex. At this time, simultaneous pressure assessment in the LV and
aorta allow for measurement and recording of the transvalvular gradient. Subsequently, a pre-
shaped stiff wire (Safari XS, Boston Scientific™ ) was inserted into the LV through the pigtail
catheter. Pre-dilation of the aortic valve was routinely performed in case of self-expandable
valve implantation. Transcatheter valve was then delivered over the pre-shaped stiff wire,
advanced through the aortic valve using a pigtail, previously placed in the non-coronary cusp
as reference. The valve was then deployed and the delivery system retracted. A pigtail was
advanced into the left ventricle over the pre-shaped stiff wire to assess the transvalvular
gradient. An aortic root angiogram was performed to assess the result. Whenever needed the
valve was post-dilated. After the post-dilation, the pigtail was removed from the left ventricle
and the Judkin Left 4 guiding catheter was advanced over a J-shaped wire to cannulate the left
coronary artery and to perform again the physiological assessment with continuous

intracoronary thermodilution.



Supplementary Table 1. Results from the right heart catheterisation performed in the
overall cohort (N=51).

Value
HR (bpm) 71+ 10
RAP (mmHg) 6+6
PCWP (mmHg) 14+7
PAPm (mmHg) 23 +8
TPG (mmHg) 9+4
CO (ml/min) 48+1.2
AVA (cm?) 0.62 +0.23
AVAi (cm*/m?) 0.35+0.11

Data are presented as mean + SD. Abbreviations: HR: Heart rate; RAP: Right atrial pressure;
PCWP: pulmonary capillary wedge pressure; PAPm: mean pulmonary arterial pressure; TPG:
total pulmonary gradient; CO: Cardiac output; AVA: Aortic Valve area calculated with
Gorling equation; AVAi: AVA indexed.



Supplementary Table 2. Types and sizes of implanted valves.

Number Size (mm, mean)

Edwards Sapien 3 5(9.8) 26.7+1.9

- 29mm 4

- 26 mm 1
Abbott Portico 45 (88.2) 266

- 23mm 5

- 25mm 9

- 27 mm 18

- 29mm 13
Medtronic Evolut R 1(2) 34

- 34 mm 1

Types of valve implanted in our study. Data are presented as number (%) or mean + SD.



Supplementary Table 3. Baseline characteristics of the patients who underwent invasive
physiological assessment at follow-up compared to the overall cohort.

Cohort at follow-up Overall Cohort
(N=20) (N=51) P
Gender Male 8 (40.0) 16 (31.4) 0.580
Age 83.5+5 83.7+ 5 0.625
BMI 26.3+£3.8 26+5.3 0.413
Smoking Habitus 3 (15.0) 9(17.6) 1.000
Hypertension 18 (90.0) 43 (84.3) 0.714
Diabetes 7 (35.0) 16 (31.4) 0.784
Dyslipidemia 17 (85.0) 42 (82.4) 1.000
Afib 1(5.0) 4(7.8) 1.000
Afib History 5(25.0) 17 (33.3) 0.578
Creatinine 113+ 1.12 1.07+£0.74 0.413
GFR 66.51 £20.39 62.71 £19.38 0.347
CKD 4 (20.0) 16 (31.4) 0.394
CAD History 4 (20.0) 10 (19.6) 1.000
Previous PCI 3 (15.0) 8(15.7) 1.000
Previous MI 0(0.0) 1(2.0) 1.000
Pacemaker 0(0.0) 3(5.9) 0.554
Angina 0 (0.0) 3(5.9 0.554
Dyspnea 19 (95.0) 49 (96.1) 1.000
Syncope 1(5.0) 6 (11.8) 0.664
Previous HF Hosp. 1(5.0) 6 (11.8) 0.664
Diuretics 10 (50.0) 27 (52.9) 1.000
Anti Aldosteronics 2 (10.0) 10 (19.6) 0.488
ACEI/ARBS 10 (50.0) 25 (49.0) 1.000
Statins 15 (75.0) 38 (74.5) 1.000
Beta-blockers 8 (40.0) 23 (45.1) 0.793
Calcium Channel Blockers 9 (45.0) 16 (31.4) 0.237
Insulin 0 (0.0) 3 (5.9 0.554
OAD 7 (35.0) 14 (27.5) 0.571
Anticoagulation 4 (20.0) 14 (27.5) 0.762
Aspirin 7 (35.0) 17 (33.3) 1.000
P2Y}; inhibitors 4 (20.0) 11(21.6) 1.000

Data are expressed as mean = SD or as number (percentage). BMI: body mass index; Afib: Atrial Fibrillation;
GFR: glomerular filtration rate; CKD: chronic kidney disease; CAD: coronary artery disease. PCI: percutaneous
coronary intervention. MI: myocardial infarction; CCS: Canadian Cardiovascular Society; NYHA: New York
Heart Association classification of Heart Failure; HF: Heart Failure; ACEI: angiotensin-converting enzyme
inhibitors. ARBs: angiotensin II receptor blockers; OAD: oral antidaibetics;



Supplementary Table 4. Echocardiographic data at baseline and at follow-up in the
overall population.

Pre-TAVI Follow-Up (N=51) P-Value
(N=51)

LVEDD (mm) 45 +4 44.67 £4.62 0.760
LVEDDI (mm/m?) 217 21.04 £ 8.86 0.838
IVS (mm) 14+£2 12+2 <0.001
PWT (mm) 10+2 10+2 0.194
RWT 0.48 +0.09 0.46 £0.08 0.277
LVEDV (ml) 83 20 90 + 23 0.123
LVEDVi (ml/m?) 39+16 41 £ 18 0.428
LVEF (%) 58+5 58+4 0.641
LVM(g) 202 +38 175 +47 <0.001
LVMi (g/m?) 95+39 82 +38 0.107
LVH 37 (72.5) 26 (51.0) 0.041
Peak Aortic Gradient (mmHg) 80 +21 16 +7 <0.001
Peak aortic velocity (m/s) 4.43 £ 0.40 2.0+£0.4 <0.001
AVA (cm?) 0.62 % 0.41 1.04 £ 0.69 <0.001
Mean aortic gradient 51.5 £10.2 8.8+4 <0.001

Continuous variables are presented as meantSD. Categorical variables are presented as number (%).
Abbreviations: LVEDD: left ventricular end-diastolic diameter; LVEDDi: left ventricular end-diastolic diameter
indexed to BSA; IVS: interventricular septum; PWT: posterior wall thickness; LVEDV: left ventricular end-
diastolic volume; LVEDVi: left ventricular end-diastolic volume indexed to BSA; LVEF: Left ventricular ejection
fraction; LVM: Left ventricular mass; LVMi: left ventricular mass indexed to BSA; LVH: left ventricular

hypertrophy. .



Supplementary Table 5. Echocardiographic data at discharge.

Overall (N=51)

Peak Aortic Gradient (mmHg) 16.55 (4.56)
Mean Aortic Gradient (mmHg) 9.57 (2.66)
Significant AR® 0(0)
Significant PVL* 1(2.1)
Significant MR® 1(2.1)
Significant TR* 2(4.3)
LVEF (%) 57.32+£9.28

Data are presented as mean £+ SD or as number (percentage). AR: aortic regurgitation; PVL:
paravalvular leak; MR: mitral regurgitation; TR: tricuspid regurgitation; LVEF: left
ventricular ejection fraction.

e > moderate AR/PVL/MR/TR.
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Supplementary Figure 1. Absolute flow, myocardial perfusion, CFR and MRR pre- and

post-TAVTI in the overall population (N=51).

Boxplot with stripchart showing differences between absolute flow and myocardial perfusion at rest
(Qrest and Qnerest) and during hyperaemia (Qunyp, Qnnyp) at baseline (pre-TAVI) and at follow-up (panels
A to D). In panel E and F are shown the difference pre and post-TAVI of coronary flow reserve

(CFR) and microvascular resistance reserve (MRR).
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Supplementary Figure 2. Correlation between the relative changes in myocardial mass and
myocardial perfusion between baseline and follow-up measurements.

Scatter plot with correlation and regression equation between relative changes in CFR and
mass before TAVI and at follow up. ACFR(%) represent the relative change in CFR before
and after TAVI. Amass (%) represent the relative change in the subtended mass before TAVI
and at follow-up expressed as percentage



O
2007 R=0.47 (0.22to -0.66)
p<0.001
G
5 100+
=
-
-
2 o
-
9]
OC}
-100+
(@]
75 100 125 150 175
LvMiechn{g-‘rmq]

Supplementary Figure 3. Divergence between CT and echocardiography-derived
myocardial masses.

Scatter plot with the correlation between the indexed left ventricular myocardial mass derived
by echocardiography (LVMicco) and the difference between the left ventricular myocardial
mass derived by echocardiography (LVM.c,) and cardiac computed tomography (LVMcr)
showing that alongside with the progression of left ventricular hypertrophy (represented by
LVMiceio) the difference between echocardiography and CT in myocardial mass calculation

Increases.



