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BACKGROUND: Prognostic implications of transcatheter aortic valve implantation (TAVI) in low-gradient (LG) aortic stenosis (AS)
remain controversial. The authors hypothesized that differences in cardiac functional recovery may solve this ongoing con-
troversy. The aim was to evaluate clinical outcomes and the response of left ventricular (LV) function following TAVI in patients
with LG AS.

METHODS AND RESULTS: This multicenter retrospective study included 1742 patients with severe AS undergoing TAVI between
January 2015 and March 2019. Patients were subdivided into low-flow (LF) LG, normal-flow (NF) LG, LF high-gradient, and NF
high-gradient AS groups according to the mean gradient of the aortic valve (LG <40mmHg) and LV stroke volume index (LF
<35mL/m?). Outcomes and changes in echocardiographic parameters after TAVI were compared between the groups. A total
of 227 patients (13%) had reduced ejection fraction, and 486 patients (28%) had LG AS (LF-LG 143 [8%]; NF-LG 343 [20%)]).
During a median follow-up period of 747 days, 301 patients experienced a composite end point of cardiovascular death and
rehospitalization for cardiovascular events, which was higher in the LF-LG and NF-LG groups than in the high-gradient groups.
LG AS was independently associated with the primary outcome (hazard ratio, 1.69; P<0.001). Among 1239 patients with
follow-up echocardiography, LG AS showed less improvement in the LV mass index and LV end-diastolic volume compared
with high-gradient AS after 1year, while LV recovery was similar between the LF AS and NF AS groups.

CONCLUSIONS: LG AS was associated with poorer outcomes and LV recovery, regardless of flow status after TAVI. Careful
evaluation of AS severity may be required in LG AS to provide TAVI within the appropriate time and advanced care afterward.
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ally defined as a mean aortic valve pressure
gradient (PG) <40mmHg with a small aortic
valve area (AVA <1.0cm?), is an entity that can ap-
pear in particular conditions such as reduced left

Low—gradient (LG) aortic stenosis (AS), usu-

ventricular (LV) ejection fraction (EF) or low tran-
saortic flow (LV stroke volume [SV] index <35 mL/
m?). This inconsistency between the PG and AVA
is not rare and makes proper classification of AS
severity difficult.’
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CLINICAL PERSPECTIVE
What Is New?

Low-gradient aortic stenosis (AS) was as-
sociated with an increased risk of composite
outcomes of cardiovascular death and rehospi-
talization after transcatheter aortic valve implan-
tation regardless of the flow state.

e The longitudinal echocardiographic evalua-
tion revealed poorer left ventricular geometry
and functional recovery in the low-gradient AS
group than in the high-gradient AS group after
transcatheter aortic valve implantation.

What Are the Clinical Implications?

e Patients with low-gradient AS may gain less
benefit from cardiac reverse remodeling by
transcatheter aortic valve implantation, which
may lower their survival benefit.

e Careful management after transcatheter aortic
valve implantation, including medical therapy
and close follow-up, might be warranted in both
patients with low-flow, low-gradient AS and
normal-flow, low-gradient AS.

Nonstandard Abbreviations and Acronyms

AS aortic stenosis

AVA aortic valve area

HG high-gradient

LF low-flow

LG low-gradient

LVMI left ventricular mass index
PG pressure gradient

NF normal-flow

SV stroke volume

TAVI transcatheter aortic valve implantation
VTI velocity time integral

The emerging application of transcatheter aortic
valve implantation (TAVI) in AS has led to an increas-
ing number of treatable cases, especially among el-
derly and high-risk patients. Although previous reports
have shown the advantageous impact of TAVI in the
LG AS population,>® other data have shown that LG
AS, especially low-flow (LF), LG AS, exhibited worse
outcomes than high-gradient (HG) AS,* making it dif-
ficult to conclude the clinical benefit of performing
TAVI in the LG AS population. Moreover, LG AS can
be observed even in normal transaortic flow. Although
patients with normal-flow (NF), LG AS are considered
to have moderate AS according to guidelines and a
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conservative approach is recommended, several prior
studies have shown that they still have a survival bene-
fit from TAVI, especially in preserved EF.2° Thus, there
is an ongoing controversy regarding the clinical bene-
fits of TAVI in different clinical scenarios according to
the flow/gradient pattern.

We previously reported that the difference in the
cardiac functional recovery may play an important
role in the prognosis of patients who undergo TAVI.®
Therefore, we hypothesized that prognostic differ-
ences in LG AS might be associated with poor recov-
ery in LV function and geometry after TAVI. Comparing
the survival of LG AS and HG AS along with cardiac
reversibility may provide further insight into the prog-
nostic implication of TAVI in LG AS. Thus, this study
aimed to investigate the prognosis of patients with
LG AS, including those with NF-LG AS, in real-world
clinical practice. We also evaluated the strength of the
beneficial impact of TAVI on functional recovery ac-
cording to the gradient pattern by comparing changes
in echocardiographic parameters before and after the
procedure.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Ethics Statements

The study protocol was approved by the local ethics
committee of each participating institution and followed
the guidelines of the Declaration of Helsinki. Data were
deidentified, so the requirement for informed consent
was waived.

Study Design and Population

This study is an academic project of the Japanese
Society of Echocardiography and was conducted as
a retrospective multicenter TAVI registry that included
17 cardiovascular centers in Japan: St. Marianna
Medical University Hospital, National Cerebral and
Cardiovascular Center, Dokkyo Medical University
Hospital, University of Tsukuba Hospital, Osaka
University Hospital, Sakakibara Heart Institute, Iwate
Medical University Hospital, Oita University Hospital,
Kobe City Medical Center General Hospital, Hokkaido
University Hospital, Nihonkai General Hospital,
Asahikawa Medical University Hospital, Jichi Medical
University Hospital, Hiroshima City Hiroshima Citizens
Hospital, Tokushima University Hospital, Shimane
University Hospital, and Japanese Red Cross Ise
Hospital. All patients who underwent TAVI for severe
symptomatic AS between January 1, 2015, and March
31, 2019, with preprocedural echocardiographic
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evaluation and follow-up after TAVI were enrolled.
Echocardiograms at baseline and 1 month and 1year
after TAVI were acquired for longitudinal data analysis.
Patients without comprehensive baseline echocar-
diographic evaluation and follow-up information after
TAVI, as well as those with inadequate image quality,
were excluded.

In the present study, LG AS was defined as a mean
transvalvular gradient <40mmHg, whereas those with
a mean gradient >40mmHg were considered HG AS.
An LV SV index <35mL/m? was defined as LF; oth-
erwise, it was considered NF. According to the mean
gradient and SV index status, the patients were sub-
divided into 4 subgroups: LF-LG, NF-LG, LF-HG, and
NF-HG.

Data Collection and Outcomes

Clinical and demographic data were obtained via
manual extraction from the patients’ electronic medi-
cal records. The presence of coronary artery dis-
ease (CAD) was defined as a history of intervention
or surgical treatment or the presence of significant
stenosis. Patients were followed up by chart review
with the date of the last follow-up or death recorded
(last queried December 31, 2019). In addition, mor-
tality data and hospitalization due to cardiovascu-
lar events (ie, heart failure, arrhythmia, CAD, stroke,
prosthetic valve—related issue, and device implanta-
tion) were obtained from patients’ medical records or
available electronic databases. We used a composite
of cardiovascular death and rehospitalization due to
cardiovascular causes as the primary outcome. The
secondary end points included the components of the
primary outcome and all-cause mortality. Follow-up
was completed in all included patients, and an out-
come review committee reviewed all events to avoid
ascertainment bias.

Prognosis of Low-Gradient AS After TAVI

Echocardiographic Evaluation

All patients underwent comprehensive echocardio-
graphic assessment using commercially available
ultrasound systems. Experienced readers at each in-
stitution reviewed and measured all echocardiographic
measurements according to current guidelines.”®
Echocardiographic parameters included the following
variables: peak aortic valve velocity, peak and mean
transvalvular gradient, aortic jet velocity time integral
(VTI), LV outflow tract (LVOT) diameter, LVOT VTI, AVA,
LVEF, LV end-diastolic volume (LVEDV), LV end-systolic
volume, SV, and global longitudinal strain (GLS). The
LVEDV, LV end-systolic volume, and EF were evaluated
using the biplane disc method in 1258 (72%) patients,
while the remaining 484 patients (28%) were evaluated
using the Teichholz method. The AVA was calculated
using the continuity equation. The LV SV was calcu-
lated from the cross-sectional area of the LVOT and
VTl of the LVOT flow as follows: SV, or=cross-sectional
area, o<V Tl yor The LVOT VTl was obtained using the
pulsed wave Doppler method. In 41 patients (2%) with
an unreliable LVOT pulsed wave Doppler signal, we
calculated LV SV using the LV volume measured by the
biplane disc method.

To obtain the LV GLS at baseline, 2-dimensional
speckle-tracking echocardiography was performed of-
fline using commercially available vender-independent
software (Image Arena 4.6, TOMTEC Imaging Systems).
Apical 4-chamber, 2-chamber, and long-axis views
were acquired for the analysis; the estimated peak sys-
tolic strain values from each view were averaged to ob-
tain GLS and described in an absolute value according
to American Society of Echocardiography/European
Association of Cardiovascular Imaging recommenda-
tions.” All strain measurements were performed by a
single observer blinded to the clinical and other echo-
cardiographic data and outcomes.

Patients with severe symptomatic
aortic stenosis who underwent TAVI
(2015/1-2019/3)
n=1769

No sufficient baseline echocardiographic
evaluation: n=8

—’{ No follow-up: n=19

Study population
n=1742

Figure 1. Study population.

TAVI indicates transcatheter aortic valve implantation.
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Table 1. Baseline Characteristics Based on the Baseline Gradient Status (N=1742)

All patients LG AS (n=486) HG AS (n=1256) P value
Age, y 84 (81-87) 84 (80-87) 85 (81-88) <0.001
Men, n (%) 590 (34) 170 (35) 420 (33) 0.542
BSA, m? 1.44 (1.32-1.57) 1.45 (1.33-1.59) 1.43 (1.31-1.57) 0.200
NYHA class llI/IV, n (%) 591 (34) 173 (36) 418 (33) 0.360
CHF, n (%) 1032/1738 (59) 259/486 (53) 773/1252 (62) 0.001
CAD, n (%) 542/1741 (31) 190/486 (39) 352/1255 (28) <0.001
Prior PCI, n (%) 318 (18) 112 (23) 206 (16) 0.001
Hypertension, n (%) 1399 (80) 400 (82) 999 (80) 0.193
Diabetes, n (%) 484 (28) 156 (32) 328 (26) 0.012
Dyslipidemia, n (%) 936 (54) 275 (57) 661 (53) 0137
Chronic lung disease, n (%) 286 (16) 84 (17) 202 (16) 0.544
Prior M, n (%) 94/1740 (5) 46/486 (10) 48/1254 (4) <0.001
Smoking, current/quit, n (%) 445 (26) 142 (29) 303 (24) 0.029
AF, n (%) 226 (13) 89 (18) 137 (11) <0.001
LBBB, n (%) 67/1732 (4) 22/483 (5) 45/1249 (4) 0.357
RBBB, n (%) 242/17383 (14) 72/484 (15) 170/1249 (14) 0.495
STS PROM, % 5.7 (4.1-8.3) 5.6 (4.1-8.3) 5.7 (4.1-8.2) 0.954
Hemoglobin, g/dL 11.3 (10.2-12.4) 11.4 (10.2-12.5) 11.3 (10.1-12.4) 0.229
BNP, pg/mL 234 (106-510) 204 (92-418) 244 (110-552) 0.006
NT-proBNP, pg/mL 1243 (555-3162) 1074 (446-2929) 1345 (614-3443) 0.025
TAVI procedure
Approach 0.077
Transfemoral 1459 (84) 390 (80) 1069 (85)
Transapical 210 (12) 74 (15) 136 (11)
Transaortic 45 (3) 14 (3) 31 (3)
Others 28 (2) 8(2) 20 (2)
Valve type 0.007
Sapien XT 457 (26) 145 (30) 312 (25)
Sapien 3 881 (51) 253 (52) 628 (50)
CoreValve 1083 (6) 19 (4) 84 (7)
EvoluteR 234 (13) 49 (10) 185 (15)
EvolutePRO 67 (4) 20 (4) 47 (4)
Valve size 0.159
20mm 86 (5) 16 (3) 70 (6)
23mm 751 (43) 222 (46) 529 (42)
26mm 640 (37) 179 (37) 461 (37)
29mm 265 (15) 69 (14) 196 (16)

Continuous variables are expressed as median (interquartile range). AF indicates atrial fibrillation; AS, aortic stenosis; BNP, B-type natriuretic peptide; BSA,
body surface area; CAD, coronary artery disease; CHF, congestive heart failure; HG, high-gradient; LBBB, left bundle branch block; LG, low-gradient; MI,
myocardial infarction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PCI, percutaneous coronary intervention;
RBBB, right bundle branch block; STS PROM, Society of Thoracic Surgeons predicted risk of mortality; and TAVI, transcatheter aortic valve implantation.

Statistical Analysis

Continuous data are presented as median (inter-
quartile range [IQR]). Categorical data are presented
as absolute number and percentage. We used un-
paired t test, Mann-Whitney test, and yx° test to com-
pare the data between the 2 groups as appropriate.
Significance values were adjusted using Bonferroni
correction for multiple comparisons. Cox proportional

hazards analysis was performed to assess the as-
sociation between baseline characteristics and out-
comes. The assumptions of proportional hazards
were assessed using Schoenfeld residuals. In the
multivariable model, relevant variables and possible
confounding factors such as age, sex, Society of
Thoracic Surgeons predicted risk of mortality, history
of CAD, atrial fibrillation, cardiac surgery, New York
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Table 2. Comparison of Echocardiographic Variables Based on the Baseline Gradient Status

No. All patients (N=1742) LG AS (n=486) HG AS (n=1256) P value
LVEDV, mL 1742 79 (64-101) 77 (63-102) 81 (64-101) 0.601
LVESV, mL 1742 27 (20-39) 27 (20-43) 28 (20-38) 0.325
LVEF, % 1742 64 (57-69) 63 (52-68) 64 (59-69) <0.001
LVEF <50% 1742 227 (13) 100 (21) 127 (10) <0.001
LVSVi, mL/m? 1742 45 (37-55) 41 (33-50) 47 (39-56) <0.001
Low-flow, n (%) 1742 334 (19) 143 (29) 191 (15) <0.001
LVMI, g/m? 1742 118 (97-147) 105 (84-128) 124 (102-151) <0.001
LAD, mm 1739 42 (38-47) 43 (38-47) 42 (38-47) 0.564
LAVi, mL/m? 1587 53 (41-67) 52 (39-67) 53 (41-66) 0.083
E/A 1676 0.67 (0.55-0.84) 0.68 (0.57-0.89) 0.67 (0.54-0.83) 0.008
Ele’ 1401 17.3 (13.1-22.6) 16.0(12.2-21.7) 17.7 (13.5-23.2) <0.001
AV V, . M/s 1742 4.49 (4.07-5.04) 3.74 (3.36-4.00) 4.77 (4.40-5.24) <0.001
AV mean PG, mmHg 1742 48 (38-61) 31 (26-36) 54 (46-67) <0.001
AVA, cm? 1742 0.63 (0.51-0.75) 0.72 (0.61-0.83) 0.59 (0.48-0.71) <0.001
AVAI, cm?/m? 1742 0.43 (0.35-0.51) 0.49 (0.42-0.58) 0.41 (0.33-0.49) <0.001
TR velocity, m/s 1607 2.55 (2.29-2.86) 2.51 (2.27-2.893) 2.55 (2.30-2.87) 0.090
TAPSE, mm 574 19 (16-22) 18 (15-22) 19 (17-22) 0.014
S, cm/s 349 11 (9-13) 10 (8-12) 11 (9-13) 0.119
FAC, % 258 43 (38-49) 41 (36-46) 44 (40-50) 0.004
LV GLS, % 993 12.1 (9.0-15.0) 12.0 (7.8-15.8) 12.2 (9.0-15.0) 0.763
AR>moderate, n (%) 1742 220 (13) 60 (12) 160 (13) 0.825
MR=moderate, n (%) 1742 203 (12) 78 (16) 125 (10) <0.001
TR=moderate, n (%) 1742 173 (10) 62 (13) 111 (9) 0.014

Continuous variables are expressed as median (interquartile range). AR indicates aortic regurgitation; AS, aortic stenosis; AV, aortic valve; AVA, aortic valve
area; AVAI, aortic valve area index; FAC, fractional area change; GLS, global longitudinal strain; HG, high-gradient; LAD, left atrial dimension; LAVi, left atrial
volume index; LG, low-gradient; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular
end-systolic volume; LVMI, left ventricular mass index; LVSVi, left ventricular stroke volume index; MR, mitral regurgitation; PG, pressure gradient; TAPSE,
tricuspid annular plane systolic excursion; TR, tricuspid regurgitation; and V, ., peak aortic valve velocity.

Heart Association (NYHA) functional class, LVEF,
LF, and LG, which were selected because of their
known prognostic value were entered into the model.
Kaplan—Meier curves were created to assess survival
between the groups and were compared using the
log-rank test. The association between the PG and
outcome was evaluated using Cox model and fitted
by penalized smoothing splines with the hazard ratio
(HR) on the y-axis and gradient on the x-axis. Because
cardiovascular events and death due to other causes
were considered competing risks, we also performed
competing risk regression analysis using the Fine-
Gray proportional subhazards model®'" and sub-
distribution HR. We calculated 95% Cls to estimate
the adjusted risk of the primary end point. We per-
formed Gray tests in multivariable model analyses of
the presence of LG AS, Society of Thoracic Surgeons
predicted risk of mortality, prior cardiac surgery, atrial
fibrillation, NYHA functional class, and LF AS as po-
tential covariates. The cumulative incidence function
was used to graph the mortality rates, accounting for
the competing risk of cardiovascular events. To as-
sess changes in echocardiographic parameters over
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time, we applied longitudinal data analysis using a
mixed-effect model with individual patients treated as
random effects.

All statistical analyses were performed using SPSS
software version 26.0 (SPSS Inc.) and R software ver-
sion 4.2.1 (R Foundation for Statistical Computing).

RESULTS
Study Population

A total of 1742 patients who satisfied the inclusion crite-
ria were included in the study (Figure 1). Eight patients
were excluded because of inadequate image quality or
insufficient evaluation of the baseline echocardiogram.
In addition, 19 patients were excluded because of a lack
of follow-up data. Table 1 presents the baseline patient
characteristics. Most patients underwent TAVI via a
transfemoral approach (84%) with commercially avail-
able prosthetic valves: SAPIEN 3 valve (51%) (Edwards
Lifesciences Corporation), SAPIEN XT (26%) (Edwards
Lifesciences Corporation), Evolut R (13%) (Medtronic),
CoreValve (6%) (Medtronic), and Evolut PRO (4%)
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A
Severe AS who underwent TAVI
B N=1742
LVEF < 50% LVEF 2 50%
N =227 N=1515

[ AVmean PG <40 mmHg |

I
High-gradient
N =127

Low-gradient
N =100

LVSVi < 35 ml/m? LVSVi < 35 ml/m?

[N ]

[ ves |

| AV mean PG < 40 mmHg |

[0 ]
|
. 2

Low-gradient High-gradient
N =386 N=1,129

LVSVi < 35 ml/m?

LVSVi < 35 ml/m?

Low-flow, Normal-flow, Low-flow, Normal-flow, Low-flow, Normal-flow, Low-flow, Normal-flow,
low-gradient low-gradient high-gradient high-gradient low-gradient dient high-gradient high-gradient
N = 52 (23%) N =48 (21%) N = 51 (23%) N =76 (34%) N =91 (6%) N =295 (20%) N = 140 (9%) N = 989 (65%)

Classical Paradoxical

LFLG-AS LFLG-AS

Figure 2. Flow and gradient classification.

Subgroups by flow/gradient classification in the entire population (A) and in the preserved and reduced EF population (B). Patients
with a mean transvalvular gradient <40mmHg were classified as having LG AS, whereas those with a mean gradient >40mmHg were
considered to have HG AS. An LVSVi <35mL/m? was defined as LF AS, otherwise it was considered NF AS. According to the mean
gradient and LVSVi status, the patients were subdivided into 4 subgroups: LF-LG, NF-LG, LF-HG, and NF-HG. When we subdivided
the patients according to the flow and PG state, 143 (8%) were classified as LF-LG, 343 (20%) as NF-LG, 191 (11%) as LF-HG, and
1065 (61%) as NF-HG. AS indicates aortic stenosis; AV, aortic valve; EF, ejection fraction; HG, high-gradient; LF, low-flow; LG, low-
gradient; LVEF, left ventricular ejection fraction; LVSVi, left ventricular stroke volume index; NF, normal-flow; PG, pressure gradient;

and TAVI, transcatheter aortic valve implantation.

(Medtronic). A total of 265 patients (15%) received a 29-
mm valve, 640 patients (37%) received a 26-mm valve,
751 patients (43%) received a 23-mm valve, and 86 pa-
tients (5%) received a 20-mm valve. At baseline, 227
(13%) patients had reduced EF (LVEF <50%), and 334
(19%) had reduced LV SV index (Table 2). Among the
1742 patients, 486 (28%) had LG AS, while 1256 patients
(72%) had HG AS. When we subdivided the patients ac-
cording to the flow and PG state, 143 (8%) patients were
classified as LF-LG, 343 (20%) as NF-LG, 191 (11%) as
LF-HG, and 1065 (61%) as NF-HG (Figure 2A). When we
further subdivided the patients according to the base-
line LVEF and evaluated them separately, among the

J Am Heart Assoc. 2023;12:e029717. DOI: 10.1161/JAHA.123.029717

227 patients (13%) with reduced LVEF, 52 patients (23%)
had classical LF-LG, 48 (21%) had NF-LG, 51 (23%) had
LF-HG, and the remaining 76 patients (34%) had NF-HG
(Figure 2B). Among 1515 patients (87%) with preserved
EF, 91 (6%) had paradoxical LF-LG, 295 (20%) had NF-
LG, 140 (9%) had LF-HG, and 989 (65%) had NF-HG.

Echocardiographic Characteristics
According to the Flow and Gradient
Subgroups

We compared echocardiographic characteristics
among 4 flow-gradient subtypes and discovered that
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Table 3. Characteristics and Echocardiographic Variables Based on the Flow and Gradient Status (N=1742)

Prognosis of Low-Gradient AS After TAVI

LF-LG (n=143) (8%) NF-LG (n=343) (20%) LF-HG (n=191) (11%) NE-HG (n=1065) (61%) P value
Age,y 84(80-87) 84 (80-87) 85 (82-88)* 85 (81-88)" <0.001
Men, n (%) 60 (42) 110 (32) 59 (31) 361 (34) 0143
BSA, cm? 1.48 (1.35-1.59) 1.43 (1.31-1.58) 1.44 (1.32-1.58) 1.43 (1.31-1.56) 0.206
STS PROM, % 6.3 (4.6-9.6)" 5.4 (3.9-7.9) 6.0 (4.3-9.0) 5.7 (41-8.1)" 0.006
NYHA class II/IV, n (%) | 67 (47)* 106 (31) o1 (48) 327 (31)1 <0.001
Hemoglobin, g/dL 11.5 (10.5-13.0) 11.3 (10.2-12.4) 11.7 (10.5-12.8) 11.2 (10.1-12.3)t+ 0.002
BNP, pg/mL 388 (170-738)" 172 (75-359) 380 (163-753)" 208 (105-514)1+ <0.001
AF, n (%) 48 (34)" 4 (12) 49 (26)" 88 (8)+ <0.001
CHF, n (%) 100/143 (70)* 159/343 (46) 136/191 (71)* 637/1061 (60)** <0.001
CAD, n (%) 61/143 (43) 129/343 (38) 56/191 (29) 296/1064 (28)" <0.001
Prior PCI, n (%) 40 (28) 72 1) 39 (20) 167 (16)" 0.001
Prior M1, n (%) 21/143 (15) 25/343 (7) 6/191 (3)" 42/1063 (4)t <0.001
LVEDV, mL 80 (60-110) 77 (63-100) 75 (57-95) 82 (65-101)F 0.010
LVESV, mL 34 (21-63)" 26 (20-38) 29 (19-44) 27 (20-38)t 0.001
LVEF, % 55 (40—64)* 65 (57-69) 61 (48-66)* 64 (60-69)* <0.001
LVSVi, mL/m? 30 (26-33)* 46 (40-53) 31 (27-33) 50 (43-58)"Tt <0.001
LVMI, g/m? 107 (83-134) 104 (84-126) 125 (104-148)"t 124 (102-151)" <0.001
LAD, mm 45 (41-48) 42 (37-46) 43 (38-48) 42 (38-47)1 <0.001
LAVi, mL/m? 54 (39-75) 50 (39-64) 57 (40-76) 53 (42-65) 0.050
E/A 0.68 (0.57-1.14) 0.68 (0.57-0.86) 0.65 (0.52-0.83) 0.67 (0.54-0.83) 0.063
Ele' 16 (13-21) 16 (12-22) 18 (13-24) 18 (14-23)* 0.005
AVV, . m/s 3.47 (310-3.84) 3.81 (3.50-4.04) 4.60 (4.30-5.10)" 4.80 (4.40-5.28)" <0.001
AV mean PG, mmHg | 28 (22-33) 33 (27-37) 51 (45-65)+" 55 (46-68)"T <0.001
AVA, cm? 0.61 (0.52-0.70)" 0.76 (0.66-0.86) 0.42 (0.35-0.52)" 0.61 (0.51-0.73)" <0.001
AVAi, cm?/m? 0.40 (0.36-0.49) 0.51 (0.45-0.60) 0.30 (0.25-0.35)*t 0.43 (0.36-0.50)** <0.001
TR velocity, m/s 2.60 (2.25-2.96) 2.50 (2.28-2.78) 2.55 (2.29-3.05) 2.55 (2.32-2.83) 0.143
TAPSE, mm 15 (12-19)* 20 (17-23) 16 (14—-20)" 20 (17-22)t* <0.001
S, cm/s 9 (7-11) 11 (9-12) 9(7-12) 11 (9-13)t* <0.001
FAC, % 36 (27-41)" 43 (38-49) 40 (33-48) 44 (40-50)t <0.001
LV GLS, % 7.9 (5.4-13.4)" 13.4 (9.5-16.1) 9.5 (6.1-12.8)" 12.5 (9.6-15.1)1 <0.001
AR=moderate, n (%) 21 (15) 39 (11) 17 (9) 143 (13) 0.255
MR=moderate, n (%) 34 (24) 44 (13) 36 (19) 89 (8)* <0.001
TR>moderate, n (%) 26 (18) 36 (11) 29 (15) 82 (8)1+ <0.001

Continuous variables are expressed as median (interquartile range). AF indicates atrial fibrillation; AR, aortic regurgitation; AV, aortic valve; AVA, aortic valve
area; AVAI, aortic valve area index; BNP, B-type natriuretic peptide; BSA, body surface area; CAD, coronary artery disease; CHF, congestive heart failure; FAC,
fractional area change; GLS, global longitudinal strain; HG, high-gradient; LAD, left atrial dimension; LAVi, left atrial volume index; LF, low-flow; LG, low-gradient;
LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESYV, left ventricular end-systolic volume; LVMI, left
ventricular mass index; LVSVi, left ventricular stroke volume index; MI, myocardial infarction; MR, mitral regurgitation; NF, normal-flow; NYHA, New York Heart
Association; PCI, percutaneous coronary intervention; PG, pressure gradient; STS PROM, Society of Thoracic Surgeons predicted risk of mortality; TAPSE,
tricuspid annular plane systolic excursion; TR, tricuspid regurgitation; and V., peak aortic valve velocity.

*P<0.008 for NFLG.

P<0.008 for LFLG.

+P<0.008 for LFHG.

NF-LG group than in the other groups (Table S1). The
prevalence of CAD was higher in the LF-LG and NF-LG
groups than in the HG AS group. The LF-LG group also
had a lower LVEF than the HG AS group, whereas other
echocardiographic parameters were similar among the
4 groups. Similarly, in patients with preserved EF, the
NF-LG group exhibited lower B-type natriuretic peptide
levels, a lower prevalence of congestive heart failure,

B-type natriuretic peptide levels were lower in the NF-LG
group than in the other groups (Table 3). The prevalence
of CAD was higher in the LF-LG and NF-LG groups than
in the NF-HG group. The LF-LG group also had a lower
LVEF than the NF-HG group. LV mass index (LVMI)
was significantly lower in the LF-LG and NF-LG groups
than in the HG AS group. In the reduced EF popula-
tion, B-type natriuretic peptide levels were lower in the
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Figure 3. Survival curves for cumulative cardiovascular death and

rehospitalization (N=1742).

Kaplan—-Meier curves demonstrate freedom from cumulative cardiovascular death
and rehospitalization for cardiovascular events in our study population stratified
by gradient-flow status. HF indicates high-flow; HG, high-gradient; HR, hazard
ratio; LF, low-flow; LG, low-gradient; and NF, normal-flow.

and higher AVA than the other 3 subgroups (Table S2).
The LVMI was significantly lower in the LF-LG and NF-
LG groups than in the HG AS group.

Among the study population, 993 patients had echo-
cardiographic data available for GLS evaluation. The
median GLS values in LG AS and HG AS were 12.0%
(IQR, 7.8%-15.8%) and 12.2% (IQR, 9.0%-15.0%), re-
spectively, indicating significant deterioration at base-
line. When we compared the baseline GLS level among
the flow-gradient subgroups in preserved EF, the NF-LG
group exhibited higher LV GLS than the other 3 sub-
groups, while the LF-HG group showed the lowest GLS.
In the reduced EF population, the LF-LG and LF-HG
groups showed a lower GLS than the NF-HG group.

Clinical Outcome After TAVI

Immediately after TAVI, 103 patients (6%) exhibited
complete or advanced atrioventricular block and re-
quired permanent pacemaker implantation before dis-
charge. Echocardiographic evaluation within 30days
revealed greater than or equal to moderate paravalvu-
lar leak in 50 patients.

During a median follow-up period of 747 days (IQR,
389-1115days), 301 patients exhibited primary events

J Am Heart Assoc. 2023;12:e029717. DOI: 10.1161/JAHA.123.029717

(86 cardiovascular deaths and 254 rehospitaliza-
tions for cardiovascular causes). Of note, 39 patients
who were rehospitalized due to cardiovascular events
eventually died of cardiovascular disease. The details
of the primary outcomes are presented in Table S3.
Noncardiovascular death was observed in 204 patients.

In the entire study population, 3-year event-free
rates for primary outcome were 71.6% (95% ClI, 62.9—
81.5) in the LF-LG group, 70.4% (95% ClI, 64.8-76.5)
in the NF-LG group, 80.2% (95% ClI, 72.3-88.9) in the
LF-HG group, and 83.8% (95% ClI, 81.1-86.6) in the
NF-HG group. Kaplan—Meier curves showed that the
LF-LG and NF-LG groups had lower event-free sur-
vival than the LF-HG and NF-HG groups (P<0.001;
Figure 3). Similar elevations in risk in the LF-LG and
NF-LG groups were observed in secondary outcomes,
including cardiac death (P=0.011) and rehospitalization
for cardiovascular disease (P<0.001), but not in all-
cause death (P=0.09; Figure S1A through S1C).

We further constructed survival curves separately
for patients with preserved and reduced EF. Patients
with LF-LG and those with NF-LG showed a higher inci-
dence of composite cardiovascular death or rehospital-
ization than patients with LF-HG and those with NF-HG
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Figure 4. Survival curves in reduced and preserved EF.

Survival analysis was performed separately for reduced (n=227; A) and preserved
EF (n=1515; B). Kaplan—-Meier curves demonstrate freedom from cumulative
composite primary end points (cardiovascular death and rehospitalization for
cardiovascular events) in our study population stratified by the gradient-flow
status. EF indicates ejection fraction; HF, high-gradient; HR, hazard ratio; LF, low-
flow; LG, low-gradient; LVEF, left ventricular ejection fraction; and NF, normal-flow.
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Table 4. Cox Model for the Composite Outcome of Cardiovascular Death and Rehospitalization for Cardiovascular Event

(N=1742)

Univariable Multivariable

HR (95% CI) P value HR (95% ClI) P value
Age, y 1.01 (0.98-1.03) 0.62 1.01 (0.99-1.03) 0.473
Men 1.31 (1.03-1.65) 0.025 1.24 (0.98-1.58) 0.078
Previous CAD 1.22 (0.97-1.55) 0.092 1.03 (0.80-1.32) 0.817
Previous CHF 1.18 (0.93-1.48) 017
Prior cardiac surgery 2.24 (1.62-3.10) <0.001 1.76 (1.25-2.49) 0.001
Diabetes 117 (0.91-1.49) 0.21
Hypertension 1.05 (0.78-1.41) 0.74
Dyslipidemia 0.90 (0.72-1.13) 0.38
Chronic lung disease 1.38 (1.04-1.83) 0.024
AF 215 (1.64-2.82) <0.001 1.93 (1.45-2.56) <0.001
NYHA class Ill/IV 1.67 (1.33-2.10) <0.001 1.44 (1.13-1.83) 0.004
STS PROM, % 1.03 (1.02-1.05) <0.001 1.02 (1.004-1.04) 0.016
AVAI, cm?/m? 1.83 (0.74-4.54) 0.19
AV mean PG, per 1mmHg 0.98 (0.98-0.99) <0.001
LVEDV, mL 1.01 (1.003-1.01) <0.001
LVSVi, mL/m? 0.99 (0.8-0.995) 0.002
LVEF <560% 1.73 (1.29-2.31) <0.001 1.22 (0.87-1.70) 0.247
Low-flow: LVSVi <85 mL/m? 1.35 (1.03-1.78) 0.029 0.87 (0.64-1.16) 0.338
Low-gradient 1.90 (1.51-2.38) <0.001 1.69 (1.33-2.15) <0.001
mean PG <40mmHg

AF indicates atrial fibrillation; AV, aortic valve; AVAI, aortic valve area index; CAD, coronary artery disease; CHF, congestive heart failure; HR, hazard
ratio; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVSVi, left ventricular stroke volume index; NYHA, New York Heart
Association; PG, pressure gradient; and STS PROM, Society of Thoracic Surgeons predicted risk of mortality.

with reduced EF (Figure 4A). In preserved EF, patients
with LF-LG and NF-LG showed poorer event-free sur-
vival for the primary outcome than patients with NF-HG
(Figure 4B). As for the secondary outcome, patients with
LF-LG and NF-LG showed worse prognosis for cardio-
vascular death among those with reduced EF but not
among those with preserved EF (Figure S2A and S2B).
Patients with LF-LG and NF-LG also showed a higher
incidence of rehospitalization than patients with LF-HG
among those with reduced EF (Figure S2C and S2D). In
patients with preserved EF, the incidence of rehospital-
ization was lower than that in patients with reduced EF,
and patients with NF-LG showed the lowest event-free
survival. A similar increase in mortality in patients with
NF-LG was observed among those with reduced EF,
but survival was similar among the 4 subgroups with
preserved EF (Figure S2E and S2F).

In a multivariable Cox proportional hazards model,
LG AS (HR, 1.69 [95% CI, 1.33-2.15]; P<0.001),
prior cardiac surgery (HR, 1.76 [95% CI, 1.25-2.49];
P=0.001), presence of atrial fibrillation (HR, 1.93 [95%
Cl, 1.45-2.56]; P<0.001), NYHA functional class lll/IV
(HR, 1.44 [95% CI, 1.13-1.83]; P=0.004), and higher
Society of Thoracic Surgeons predicted risk of mor-
tality (HR, 1.02 [95% CI, 1.004-1.04]; P=0.016) were
independently associated with an increased risk of

J Am Heart Assoc. 2023;12:e029717. DOI: 10.1161/JAHA.123.029717

the primary outcome (Table 4). When we modeled
the PG as a continuous variable, the association be-
tween the PG and risk of the primary outcomes was
similar. The risk of primary events increased when the
PG fell below 40mmHg (Figure 5). When analyzed for
secondary outcomes, LG AS was also independently
associated with a higher incidence of cardiovascular
death (HR, 1.77 [95% Cl, 1.13-2.76]; P=0.013), rehospi-
talization due to cardiovascular events (HR, 1.75 [95%
Cl, 1.35-2.27], P<0.001), and all-cause death (HR, 1.28
[95% CI, 1.00-1.66]; P=0.050; Table 5).

Given the possibility of competing risks between the
primary end point (composite of cardiovascular death
and rehospitalization for cardiovascular events) and
death due to other causes, we further performed com-
peting risk regression analysis. In a multivariable model
using Society of Thoracic Surgeons predicted risk of
mortality, prior cardiac surgery, atrial fibrillation, NYHA
functional class Ill/IV, and LF AS as potential covariates,
the presence of LG AS was independently associated
with a higher risk of the primary end point (subdistribu-
tion HR, 1.71 [95% ClI, 1.34-2.17]; P<0.001). Univariable
survival curves constructed using competing risk as-
sumptions showed that the presence of LG AS was
associated with a higher risk of the primary end point
(log-rank, P<0.001), whereas HG AS was not (Figure S3).
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Figure 5. Association between the mean gradient and risk
of primary outcome.

The relationship between the PG and estimated risk of primary
composite events (cardiovascular death and rehospitalization)
is described by fitted splines (solid line) and 95% confidence
intervals (dotted lines), with HRs on the y-axis and gradient
on the x-axis. The HR was estimated using a Cox proportional
univariate model. AV indicates aortic valve; HR, hazard ratio, and
PG, pressure gradient.

The risk of noncardiac mortality was similar between the
2 groups. This finding was also observed when we ana-
lyzed LF AS and NF AS separately (Figure S4A and S4B).

When we repeated a similar analysis in the sub-
group of patients with GLS (n=993), a lower absolute
value of LV GLS was associated with the primary out-
come independent of LG AS (HR, 0.95 [95% CI, 0.92—
0.99]; P=0.019; Table S4). Furthermore, LV GLS was
independently associated with poorer secondary out-
comes, including cardiovascular death (HR, 0.91 [95%
Cl, 0.85-0.97]; P=0.003) and all-cause death (HR,
0.93 [95% ClI, 0.90-0.97]; P<0.001).

Changes in Echocardiographic
Parameters After TAVI

Among the study population, 1239 patients underwent
echocardiographic evaluation at the 1-year follow-up. In

Table 5. Risks of Secondary Outcomes in LG AS (N=1742)

Prognosis of Low-Gradient AS After TAVI

addition to aortic valve hemodynamics, LV geometry and
function parameters such as the LVEDV, LV end-systolic
volume, LVEF, and LVMI were significantly improved over
time (Table 6). Figure 6 shows the comparison of changes
in LV and aortic valve echocardiographic parameters after
TAVI according to the PG and flow status. WWhen we com-
pared changes in LV function and aortic valve parameters
after TAVI between the LG AS and HG AS groups, the HG
AS group showed prominent improvement in the LVEDV,
LVEF, and LVMI over time compared with the LG AS group.
Changes in the PG and AVA were also more prominent in
the HG AS group than in the LG AS group. Notably, when
we compared changes in echocardiographic parameters
between the LF AS and NF AS groups, recovery in the
LVEDV, LVMI, PG, and AVA in both groups was similar,
while LVEF was significantly improved in the LF AS group
compared with the NF AS group.

When we further compared the changes in LV
function and aortic valve parameters over time ac-
cording to the PG and LVEF at baseline, the PG and
AVA were significantly improved in both the LG AS and
HG AS groups, regardless of baseline EF (Figure S5).
In the reduced EF group, the LVEDV, LVEF, and LVMI
showed significant improvement. When comparing the
improvement in LV parameters between the LG AS
and HG AS groups in the reduced EF population, the
HG AS group showed prominent improvements in the
LVEF and the LVMI over time compared with the LG
AS group. The LVEDV improved similarly in both the LG
AS and HG AS groups. In preserved EF population, the
LVEDV and LVEF did not improve over time, while the
LVMI showed a significant decrease over time; how-
ever, the HG AS group showed prominent improve-
ment in the LVMI compared with the LG AS group.

DISCUSSION

In this study with a large number of octogenarians, we
showed that LG AS was associated with an increased
risk of primary composite outcomes of cardiovascu-
lar death and rehospitalization after TAVI regardless of
flow status. Both LF-LG and NF-LG were associated
with poorer event-free survival after TAVI than HG AS.
LG AS was also associated with an increased risk of

Unadjusted Adjusted*

HR (95% CI) P value HR (95% CI) P value
Cardiovascular death 1.94 (1.26-2.96) 0.002 1.77 (113-2.76) 0.013
Rehospitalization for 1.92 (1.50-2.46) <0.001 1.75 (1.35-2.27) <0.001
cardiovascular events
All-cause death 1.29 (1.01-1.64) 0.041 1.28 (1.00-1.66) 0.050

AS indicates aortic stenosis; HR, hazard ratio; and LG, low-gradient.

*A multivariable model was constructed with age, sex, Society of Thoracic Surgeons predicted risk of mortality, history of coronary artery disease, atrial
fibrillation, cardiac surgery, New York Heart Association functional class, left ventricular ejection fraction, low-flow, and LG AS.
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Table 6. Comparison of Echocardiographic Parameters After TAVI (N=1239)

Baseline 1-year after TAVI P value
LVEDV, mL 79 (64-101) 75 (59-96) <0.001
LVESV, mL 27 (20-39) 25 (19-35) <0.001
LVEF, % 64 (57-69) 65 (60-69) <0.001
LV mass index, g/m? 118 (97-147) 102 (83-121) <0.001
AV V, . M/s 4.49 (4.07-5.04) 2.20 (1.86-2.51) <0.001
AV mean PG, mmHg 48 (38-61) 10 (7-13) <0.001
AVA, cm? 0.63 (0.51-0.75) 1.51 (1.25-1.90) <0.001
AVAi, cm?/m? 0.43 (0.35-0.51) 1.06 (0.88-1.30) <0.001

Continuous variables are expressed as median (interquartile range). AV indicates aortic valve; AVA, aortic valve area; AVAI, aortic valve area index; LV,
left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; PG, pressure
gradient; TAVI, transcatheter aortic valve implantation; and V, .., peak aortic valve velocity.

rehospitalization for cardiovascular events, cardiovas-
cular death, and all-cause death. Furthermore, the
longitudinal echocardiographic evaluation revealed sig-
nificant differences in LV geometry and functional re-
covery between the LG AS and HG AS groups. While
comparing recovery between the LF AS and NF AS
groups, we found no significant difference except for
LVEF. Although TAVIimproved aortic valve hemodynam-
ics dramatically and led to improvement in LV function
afterward, the follow-up echocardiographic evaluation
showed poorer improvement in the LV geometry in the
LG AS group than in the HG AS group, suggesting that
LG AS may gain less benefit from cardiac reverse re-
modeling by restoration of the stenotic valve.

Gradient Matters Rather Than Flow Status:
Differences in Cardiac Reversibility

Our data show that the gradient may play a causal
role in survival after TAVI, while the LV SV index and
flow status were not associated with prognosis after
TAVI, which is in line with the results of previous
studies.'>'8 Transaortic flow status is considered an
important factor for the accurate determination of
AS severity, and the prognostic value of the trans-
valvular flow rate has been proposed. Although flow
might play an important role in detecting true severe
AS, our data indicate that flow status might not be
necessary for predicting outcomes and LV recovery
after TAVI.

To our knowledge, this is the first study to compare
cardiac reversibility according to flow/gradient pat-
terns. As we showed that cardiac reverse remodeling
after the TAVI procedure was observed less in the LG
AS group compared with the HG AS group, limited
cardiac reverse remodeling might be one explanation
for the worse outcome in the LG AS group than in the
HG AS group. Since LV deterioration in AS is mainly
associated with pressure overload, TAVI leads to an
immediate improvement in LV structural and functional
changes, mainly by removal of the afterload, followed
by delayed structural changes that further improve
cardiac function over time.® Thus, one can expect that
patients with LG AS may benefit less from afterload un-
loading by TAVI, which could explain the limited cardiac
reverse remodeling in patients with LG AS compared
with patients with HG AS, especially among those with
reduced EF.

Another possible reason for the lack of LV reverse
remodeling in LG AS might be the interference of un-
derlying cardiac comorbidities other than AS. Patients
with LG AS and reduced EF had a significantly higher
incidence of underlying CAD than those with HG AS;
these underlying comorbidities may interfere with myo-
cardial recovery in the late phase, independent of pres-
sure overload.

Impact of TAVI on Patients With LG AS

In the current study, the LG AS group comprised 28%
of the study population, including 20% of patients with

Figure 6. Changes in echocardiographic parameters after TAVI according to the PG and flow status (N=1239).

Changes in the LVEDV, LVEF, LVMI, AV mean PG, and aortic valve area between low-gradient and high-gradient AS (A-E), as well
as between low-flow and normal-flow AS (F-J), were compared using a mixed effect model. Markers represent the median of the
observed data obtained before TAVI and at 1-month and at 1-year follow-up. Error bars represent 95% Cls. The mixed model was
constructed with patient groups, changes over time, and interactions between groups and changes. P values for changes over time
and differences in the magnitude of change between groups are shown as baseline vs 1-year follow-up and change between groups,
respectively. Low-gradient AS show significantly less improvement in the LVEDV, LVEF, LVMI, AV mean PG, and AV area compared with
high-gradient AS, while low-flow and normal-flow AS show similar recovery after TAVI except for LVEF. AS indicates aortic stenosis; AV,
aortic valve; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVMI, left ventricular
mass index; PG, pressure gradient; and TAVI, transcatheter aortic valve implantation.
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NF-LG and 8% of patients with LF-LG. We showed
that LG AS, regardless of the flow status, was associ-
ated with worse outcomes. Patients with LG AS, es-
pecially those with LF-LG AS, have been known as a
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high-risk patient population in the surgical aortic valve
replacement (AVR) era.'*-'® Several studies have also
confirmed that the outcome of LF-LG AS, even after
successful TAVI, is still considerably worse than that of
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Figure 6. (Continued)

patients with HG AS.#2718 Although poor prognosis  studies have suggested that the poor prognosis is
in patients with LF-LG AS was mainly associated with attributable to a higher baseline cardiovascular risk
a deteriorated cardiac condition due to AS, several in patients.'”'® Nonetheless, in a propensity-matched
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cohort, Fischer-Rasokat et al showed that the mor-
tality of patients with classical LF-LG AS was twice
as high as that of patients with HG AS, and patients
with paradoxical LF-LG AS might benefit from TAVI
to the same extent as patients with HG AS."? These
data suggest that the poor prognosis seen in patients
with classical LF-LG AS was not solely associated with
baseline characteristics of patients, although this was
true in the paradoxical LF-LG AS population. Our data
confirm the findings of Fischer-Rasokat et al by show-
ing that patients with classical LF-LG AS had a signifi-
cantly worse prognosis in the reduced EF population,
but the prognosis of patients with paradoxical LF-LG
AS was comparable to that of patients with HG AS in
the preserved EF population. Notably, in the reduced
EF population, LF-LG AS showed the lowest LVEF
and LV GLS compared with NF-HG AS in the present
study, which indicates the existence of more advanced
cardiac damage. Therefore, the poor prognosis of pa-
tients with LF-LG AS, especially classical LF-LG AS,
might reflect their intrinsic cardiac deterioration and
lack of recovery.

Impact of TAVI on NF-LG AS

NF-LG AS is a subjective characteristic that raises sus-
picion of AS severity and is often considered moderate
AS. Nonetheless, prior studies have shown that NF-LG
AS could exist because of an inherent discrepancy in
echocardiographic parameters used for the diagnosis
of severe AS in the current guidelines.! While several
prior studies showed that patients with NF-LG AS
demonstrated similar outcomes compared with those
who had moderate AS with no survival benefit after
AVR,'®?" other studies demonstrated that survival of
patients with NF-LG AS was comparable to that of pa-
tients with severe HG AS, revealing a significant prog-
nostic benefit after AVR®>??; thus, performing TAVI for
NF-LG AS remains controversial. Interestingly, our data
showed that the NF-LG AS with reduced EF group had
worse prognosis than the HG AS group but a compa-
rable prognosis to the LF-LG AS group, indicating that
the NF-LG AS group, especially among the reduced
EF population, may also represent a subset of patients
who need aortic valve treatment to improve their prog-
nosis. This finding supports prior data that showed the
survival benefit of AVR in the NF-LG AS population.®22
In clinical situations, difficulty in determining the treat-
ment benefit for those patient populations could cause
a delay in performing TAVI for NF-LG AS, which might
lead to a poor prognosis compared with LF-LG AS.
Further prospective studies are required to validate
our present findings; however, our data suggest that
patients with LG AS who have undergone TAVI may
require further management, including heart failure
medication and close follow-up.
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Limitations

Although this was a multicenter study, its retrospec-
tive nature and the fact that most of the participating
institutions were tertiary referral centers raise the pos-
sibility of selection bias. AS management planning was
performed using a heart team approach; however, the
decision-making process may have varied at each in-
stitution. This study only included patients who under-
went TAVI, and our data limited the assessment of the
effect of TAVI compared with other treatments, such as
surgical AVR or conservative treatment, on each hemo-
dynamic subtype. Furthermore, we have confirmed
survival benefits using multiple statistical approaches
and controlled for various risk factors; however, other
risk factors that were not accounted for might have
hidden effects that might not have been eliminated.
Moreover, the Teicholz method was used to perform
LV quantification in 28% of the population because the
biplane disc method was unavailable; this may have
caused hidden bias. The retrospective study design
also made it difficult for us to adjust the condition of
the echocardiographic evaluation at each institution.
In this study, hemodynamic data, dobutamine stress
echocardiographic data, and computed tomography
calcium score were not obtained to confirm patients’
hemodynamic subtype and AS severity. Therefore,
further prospective studies are required to confirm the
effect of flow and gradient status on outcomes after
TAVI.

CONCLUSIONS

LG AS was associated with poorer outcomes and LV
function improvement over time, regardless of the flow
state. Poorer LV reversibility in LG AS indicates that pa-
tients with LG AS may gain less benefit from cardiac
reverse remodeling by restoration of the stenotic valve
and lower survival benefit, which may result in them re-
quiring advanced care after TAVI. Careful evaluation of
AS severity might be required in both patients with LF-
LG AS and NF-LG AS to provide the treatment within
an appropriate time and proper follow-up afterward.
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Table S1. Characteristics and echocardiographic variables according to the flow and gradient

state in reduced LVEF (N=227).

LF-LG NF-LG LF-HG NF-HG P-

N=52 (23%) N=48 (21%) N=51 (22%) N=76 (33%) value
Age, years 84 (79-89) 83 (78-87) 85 (82-89)* 86 (82-89)* 0.013
Male sex, n

24 (46) 20 (42) 19 (37) 32 (42) 0.840
(%)
BSA, cm? 1.41 (1.33-1.53) 1.42 (1.26-1.56) 1.41 (1.30-1.51) 1.43 (1.28-1.58) 0.875
STS

8.5 (5.5-15.6) 7.6 (4.6-10.9) 8.4 (5.6-11.5) 7.8 (5.4-10.8) 0.587
PROM, %
NYHA class

30 (58) 24 (50) 34 (67) 41 (54) 0.362
HI/TV, n (%)
Hemoglobin,

11.4 (10.6-13.0) 10.5(9.4-12.4) 11.7 (10.7-13.0) 11.3(10.1-12.5) 0.061
g/dl
BNP, pg/ml 774 (412-1210)* 362 (218-716) 825 (474-1556)* 704 (330-1213)* 0.003
AF, n (%) 9(17) 6 (13) 11 (22) 9(12) 0.444
CHEF, n (%) 42 (81) 36 (75) 45 (88) 64 (84) 0.351
CAD, n (%) 28 (54) 26 (54) 14 (28)*# 26 (34) 0.007
Prior MI, n

12 (23) 10 (21) 4(8) 10 (13) 0.122
(%)
LVEDYV, ml 120 (87-154) 127 (101-161) 103 (84-133) 121 (91-144) 0.117
LVESYV, ml 80 (52-111) 70 (57-97) 57 (45-84) 70 (51-83) 0.060
LVEF, % 35 (27-41)* 41 (36-45) 41 (35-45)# 43 (37-47# <0.001
LVSVi, ml/m? | 29 (25-32)* 41 (38-46) 30 (24-33)* 43 (38-52)$# <0.001
LV mass | 135 (108-165) 138 (115-175) 142 (123-173) 150 (126-183) 0.221




index, g/m?

LAD, mm 45 (41-48) 46 (39-49) 43 (38-49) 45 (40-49) 0.821
LAVi, ml/m? | 56 (42-78) 58 (45-74) 57 (43-78) 63 (50-81) 0.270
E/A 0.87 (0.59-1.94) 0.63 (0.53-1.09) 0.65 (0.52-1.49) 0.66 (0.50-1.30) 0.269
E/e’ 19 (15-25) 19 (11-27) 19 (15-28) 18 (14-24) 0.671
AV Vmax,

3.30 (2.92-3.64) 3.58 (3.21-3.99) 4.66 (4.25-5.16)*# | 4.80 (4.40-5.32)*# | <0.001
m/sec
AV mean PG,

26 (19-31) 29 (25-35) 55 (45-68)*# 56 (45-71)*# <0.001
mmHg
AVA, cm? 0.59 (0.48-0.69)* | 0.75 (0.63-0.90) 0.36 (0.28-0.44)#* | 0.55 (0.45-0.66)$* | <0.001
AVAi, cm*/m? | 0.40 (0.35-0.49)* | 0.51 (0.47-0.63) 0.27 (0.20-0.31)#* | 0.38 (0.31-0.46)$* | <0.001
TR velocity,

2.65(2.30-3.07) 2.55(2.29-2.93) 2.69 (2.29-3.24) 2.74 (2.35-3.03) 0.601
m/s
TAPSE, mm 15 (12-17) 17 (14-23) 16 (12-20) 17 (15-21) 0.047
S’, cm/sec 8 (7-9) 11 (9-12) 7 (6-10) 10 (9-11) 0.013
FAC, % 35 (23-40) 39 (36-46) 38 (30-52) 44 (38-47) 0.074
LVGLS, % 5.4 (4.1-7.0) 7.6 (5.1-9.8) 6.0 (4.8-8.5) 8.7 (6.8-12.0)#3 <0.001
AR
>moderate, 12 (23) 8 (17) 3(6) 16 (21) 0.084
n (%)
MR
>moderate, 20 (39) 8(17) 11(22) 13 (17)# 0.021
n (%)
TR

10 (19) 4(8) 4(8) 13(17) 0.191

>moderate,




n (%)

Continuous variables are expressed as median (interquartile range).

* p<0.008 for NFLG

# p<0.008 for LFLG

$ p<0.008 for LFHG

AF, atrial fibrillation; AR, aortic regurgitation; AV, aortic valve; AVA, aortic valve area; AVAI, aortic
valve area index; BNP, B-type natriuretic peptide; BSA, body surface area; CAD, coronary artery
disease; CHF, congestive heart failure; FAC, fractional area change; GLS, global longitudinal strain;
HG, high-gradient; LAD, left atrial dimension; LAVi, left atrial volume index; LF, low-flow; LG, low-
gradient; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular
ejection fraction; LVESYV, left ventricular end-systolic volume; LVSVi, left ventricular stroke volume
index; MI, myocardial infarction; MR, mitral regurgitation; NF, normal-flow; NYHA, New York Heart
Association; PG, pressure gradient; STS PROM, Society of Thoracic Surgeons predicted risk of
mortality; TAVI, transcatheter aortic valve implantation; TAPSE, tricuspid annular plane systolic

excursion; TR, tricuspid regurgitation; Vmax, peak aortic valve velocity.



Table S2. Characteristics and echocardiographic variables according to the flow and gradient

state in preserved LVEF (N=1,515).

LF-LG NF-LG LF-HG NF-HG P-

N =91 (6%) N=295 (20%) N=140 (9%) N=989 (65%) value
Age, years 84 (81-87) 84 (81-87) 85 (82-88)* 85 (81-88) 0.017
Male sex,

36 (40) 90 (31) 40 (29) 329 (33) 0.282
n (%)
BSA, cm? 1.51 (1.36-1.63) 1.43 (1.33-1.59) 1.45 (1.34-1.59) 1.43 (1.32-1.56)# | 0.017
STS PROM,

5.9 (4.2-8.2) 5.3(3.8-7.5) 5.6 (4.0-7.4) 5.6 (4.0-7.9) 0.284
%
NYHA class

37 (41) 82 (28) 57 (41)* 286 (29)$ 0.004
HI/TV, n (%)
Hemoglobin,

11.6 (10.5-13.0) 11.3(10.3-12.4) 11.7 (10.4-12.8) 11.2 (10.1-12.3) 0.018
g/dl
BNP, pg/ml 249 (146-441)* 147 (70-304) 285 (130-534)* 207 (99-461)* <0.001
AF, n (%) 39 (43)* 35(12) 38 (27)* 79 (8)$# <0.001
CHEF, n (%) 58/91 (64)* 123/295 (42) 91/140 (65)* 573/985 (58)* <0.001
CAD, n (%) 33/91 (36) 103/295 (35) 42/140 (30) 270/988 (27) 0.038
Prior MI,

9/91 (10) 15/295 (5) 2/140 (1)# 32/987 3)# 0.004
n (%)
LVEDYV, ml 66 (53-85) 74 (62-92) 66 (52-82)* 79 (64-98)*#$ <0.001
LVESYV, ml 25 (17-34) 24 (19-32) 24 (17-31) 27 (20-35)*$ <0.001
LVEF, % 63 (55-68)* 65 (60-70) 64 (60-69) 65 (60-69)# 0.001
LVSVi, ml/m? | 30 (27-33)* 47 (41-55) 31 (28-33)* 50 (43-58)*#$ <0.001
LV mass | 92 (76-114) 99 (81-120) 120 (96-143)*# 121 (101-148)*# | <0.001




index, g/m?

LAD, mm 45 (40-50)* 42 (37-45) 43 (38-48)* 42 (37-46)# <0.001
LAVi, ml/m? | 52 (38-73) 50 (38-64) 58 (39-75) 52 (41-64) 0.058
E/A 0.66 (0.55-0.79) 0.68 (0.59-0.86) 0.64 (0.52-0.80) 0.67 (0.55-0.82) 0.059
E/e’ 15 (12-19) 16 (12-22) 17 (12-22) 18 (14-23)*# <0.001
AV Vmax,

3.60 (3.20-3.90) 3.88 (3.52-4.06) 4.60 (4.30-5.01)*# | 4.8 0(4.40-5.25)#* | <0.001
m/sec
AV mean PG,

30 (23-34) 33 (28-37) 50 (44-63)#* 55 (46-67)#* <0.001
mmHg
AVA, cm? 0.63 (0.53-0.71)* | 0.76 (0.67-0.86) 0.45 (0.37-0.55)*# | 0.62 (0.52-0.74)*$ | <0.001
AVAi, cm*/m? | 0.41 (0.36-0.50)* | 0.51 (0.45-0.60) 0.31 (0.26-0.37)*# | 0.43 (0.36-0.50)*$ | <0.001
TR velocity,

2.55(2.23-2.87) 2.50 (2.28-2.77) 2.53(2.29-3.00) 2.55(2.30-2.83) 0.278
m/s
TAPSE, mm 15 (13-20)* 20 (17-23) 17 (14-21)* 20 (18-22)$# <0.001
S’, cm/sec 10 (7-12) 11 (9-13) 10 (8-12) 11 (9-13)$ 0.025
FAC, % 36 (28-43) 44 (39-49) 41 (34-46) 44 (40-50)# 0.002
LVGLS, % 11.7 (8.4-15.0)* 14.5 (11.0-17.0) 11.5 (8.2-13.5)* 12.7 (10.0-15.7)*$ | <0.001
AR
>moderate, 9 (10) 31 (11) 14 (10) 127 (13) 0.531
n (%)
MR
>moderate, 14 (15) 36 (12) 25 (18) 76 (8)$ <0.001
n (%)
TR

16 (18) 32 (11) 25 (18) 69 (1)#$ <0.001

>moderate,




n (%)

Continuous variables are expressed as median (interquartile range).

* p<0.008 for NFLG

# p<0.008 for LFLG

$ p<0.008 for LFHG

AF, atrial fibrillation; AR, aortic regurgitation; AV, aortic valve; AVA, aortic valve area; AVAi, aortic
valve area index; BNP, B-type natriuretic peptide; BSA, body surface area; CAD, coronary artery
disease; CHF, congestive heart failure; FAC, fractional area change; GLS, global longitudinal strain;
HG, high-gradient; LAD, left atrial dimension; LAVi, left atrial volume index; LF, low-flow; LG, low-
gradient; LV, left ventricular; LVEDYV, left ventricular end-diastolic volume; LVEF, left ventricular
ejection fraction; LVESYV, left ventricular end-systolic volume; LVSVi, left ventricular stroke volume
index; MI, myocardial infarction; MR, mitral regurgitation; NF, normal-flow; NYHA, New York Heart
Association; PG, pressure gradient; STS PROM, Society of Thoracic Surgeons predicted risk of
mortality; TAVI, transcatheter aortic valve implantation; TAPSE, tricuspid annular plane systolic

excursion; TR, tricuspid regurgitation; Vmax, peak aortic valve velocity.



Table S3. Details of events (N=1,742).

All patients
Cardiovascular death and rehospitalization for cardiovascular events, n (%) | 301 (17)
Cardiovascular death, n (%) 86 (5)
Rehospitalization for cardiovascular events, n (%) 254 (15)
Congestive heart failure 131 (8)
Arrhythmia 47 (3)
Newly developed coronary artery disease 18 (1)
TAVI valve related 19 (1)
Ischemic stroke 46 (3)
Hemorrhage stroke 5(0.3)
New device implantation after discharge* 33(2)
All-cause death, n (%) 290 (17)

TAVI, transcatheter aortic valve implantation.

* All patients underwent permanent pacemaker implantation.




Table S4. Model for the composite outcome in the subgroup with GLS evaluation (N=993).

Multivariable

HR (95%CI) P-value

Prior cardiac surgery 1.97 (1.22-3.18) | 0.005
AF 1.89 (1.18-3.03) | 0.008
NYHA class III/IV 1.46 (1.02-2.08) | 0.040
STS PROM, % 1.02 (1.00-1.05) | 0.048

Low-gradient: mean PG <40 mmHg | 1.67 (1.17-2.39) | 0.005

LVGLS 0.95(0.92-0.99) | 0.019

AF, atrial fibrillation; CI, confidence interval; GLS, global longitudinal strain; HR, hazard ratio; LV,
left ventricular; NYHA, New York Heart Association; PG, pressure gradient; STS PROM, Society of

Thoracic Surgeons risk score risk of mortality.



Figure S1. Impact of flow-gradient patterns on the secondary outcome in severe AS after TAVI

(N=1,742).
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Kaplan—Meier curves demonstrate freedom from cumulative cardiovascular death (A),
rehospitalization for cardiovascular events (B), and all-cause death (C) in our study population
stratified by the pressure gradient and flow status. Three-year event-free survival rates for secondary
outcome in each groups are as follows: cardiac death, LF-LG 91.2% (95% CI: 85.7-97.0), NF-LG
91.2% (95% CI: 87.5-94.9), LF-HG 94.4% (95% CI: 89.7-99.3), and NF-HG 95.9% (95% CI: 94.5—
97.4); cardiovascular rehospitalization, LF-LG 75.9% (95% CI: 67.2-85.7), NF-LG 73.7% (95% CI:
68.3-79.6), LF-HG 81.7% (95% CI: 74.1-90.0), and NF-HG 86.0% (95% CI: 83.4-88.6); and all-
cause death, LF-LG 81.1% (95% CI: 73.9-88.9), NF-LG 76.4% (95% CI: 71.2-82.0), LF-HG 77.6%
(95% CI: 69.8-86.4), and NF-HG 83.8% (95% CI: 81.1-86.6). NF-HF, normal-flow, high-gradient;
LF-HG, low-flow, high-gradient; NF-LG, normal-flow, low-gradient; LF-LG, low-flow, low-gradient;
TAVI, transcatheter aortic valve implantation; AS, aortic stenosis; HR, hazard ratio; CI, confidence
interval.



Figure S2. Impact of flow-gradient patterns on the secondary outcome according to baseline EF.
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Survival analysis was performed separately for reduced (N=227) and preserved EF (N=1,515).

Kaplan—Meier curves demonstrate freedom from cumulative cardiovascular death (A, B),



rehospitalization for cardiovascular events (C, D), and all-cause death (E, F) in our study population
stratified by the pressure gradient and flow status. LV, left ventricular; EF, ejection fraction; NF-HF,
normal-flow, high-gradient; LF-HG, low-flow, high-gradient; NF-LG, normal-flow, low-gradient; LF-

LG, low-flow, low-gradient; HR, hazard ratio; CI, confidence interval.



Figure S3. Estimated cumulative incidence curves of the primary endpoint (N=1,742).
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Patients were stratified according to the pressure gradient (<40 mmHg, low gradient; >40 mmHg, high
gradient), and the cumulative probability of events was calculated separately for both events. The black
line shows the cumulative incidence curves of the primary endpoint, composite of cardiovascular death,
and rehospitalization for cardiovascular events, whereas the red line shows the cumulative incidence
of mortality due to other causes. Patients with low-gradient show a significantly higher probability of
the primary endpoint than those with high-gradient. There is no significant difference in the probability

of competing events of all-cause death.



Figure S4. Estimated cumulative incidence curves of the primary endpoint.

A. Low-flow AS (N=334)
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A) LF-AS (N=334) and B) NF-AS (N=1,408). Patients were stratified according to the pressure
gradient (<40 mmHg, low gradient; >40 mmHg, high gradient), and the cumulative probability of

events was calculated separately for both events. The black line shows the cumulative incidence curves



of the primary endpoint, composite of cardiovascular death, and rehospitalization for cardiovascular
events, and the red line shows the cumulative incidence of mortality due to other causes. Low-gradient
patients show a significantly higher probability of the primary endpoint than high-gradient patients
among both low-flow and normal-flow AS patients. There are no significant differences in the
probability of competing events for all-cause death. AS, aortic stenosis; HG, high-gradient; LF, low-

flow; LG, low-gradient; NF, normal-flow.



Figure SS. Changes in LV and AV parameters after TAVI according to the pressure gradient in

patients with preserved EF and reduced EF (N=1,239).
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Changes in the LVEDV (A), LVEF (B), LV mass index (C), AV mean pressure gradient (D), and aortic
valve area (E) between low-gradient and high-gradient AS. Data were analyzed separately for
preserved and reduced EF. Markers represent the median of the observed data obtained before TAVI,
at 1-month, and at the 1-year follow-up. Error bars represent 95% confidence intervals. The mixed
model was constructed with patient groups, changes over time, and interactions between groups and
changes. P-values for changes over time and differences in the magnitude of change between groups
are shown as “Baseline vs. 1-year follow-up” and “Change between groups,” respectively.

AS, aortic stenosis; AV, aortic valve; EF, ejection fraction; LV, left ventricular; LVEDYV, left ventricular

end-diastolic volume; TAVI, transcatheter aortic valve implantation.
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