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A ortic stenosis (AS) is the most common
valvular disease in the older adults’
population, and its prevalence will

likely continue to increase with the aging society.[1]

Surgical aortic valve replacement (SAVR) for eld-
erly patients is known as a high-risk procedure.[2−4]

Transcatheter aortic valve implantation (TAVI) is a
reasonable alternative to SAVR for older and inop-
erable patients with AS, and TAVI significantly im-
proves outcomes in elderly patients with severe AS
and serious comorbidities,[5,6] TAVI achieves a 20%
relative reduction in mortality compared with
SAVR,[7]although complications, such as cardiovas-
cular events, stroke, and other procedural complica-
tions, are possible. It is reported that low ejection
fraction (EF < 40%) and low stroke volume index
(SVI < 35 mL/m2) in patients with AS before TAVI
are risk factors for a poor prognosis after TAVI.[8−10]

On the other hand, in real-world clinical practice,
we sometimes encounter patients with chronic
heart failure (CHF) after TAVI with mid-range or
preserved EF and normal or high SVI. Thus, we investi-
gated patients with CHF whose SVI was ≥ 35 mL/m2

before TAVI.
In this study, two EF measurements based on

echocardiography, i.e., Teichholz formula or Simpson’s
rule,[11] were performed with case-by-case selec-
tions, and the measurements were sometimes in-
consistency, resulting in sizable deviation of EF.
While stroke volume (SV) was calculated based on
Doppler velocimetry using the velocity–time integ-
ral of the left ventricular (LV) outflow tract, which
followed normal standard distribution. Therefore,

we selected the SVI as the indicator and enrolled
patients with a SVI of ≥ 35 mL/m2.

Twenty-six patients who were diagnosed with
severe AS at our facility (South Miyagi Medical
Center, Miyagi, Japan) and who underwent TAVI
from April 2014 to August 2018 were enrolled. Dia-
gnosis of severe AS was defined as an aortic valve
area (AVA) of < 1 m2 and a mean pressure gradient
(MPG) of > 40 mmHg according to European Soci-
ety of Cardiology guidelines.[12] TAVI was per-
formed at two collaborative facilities because our
facility did not have certification to perform TAVI.
We selected 25 patients with before-TAVI SVI of ≥
35 mL/m2, and retrospectively analyzed these pa-
tients. Data were obtained from an electronic data-
base at our hospital before and after TAVI, and the
data of echocardiography immediately after TAVI
were obtained from the referral documents from the
two collaborative facilities at which patients under-
went TAVI. This study approved by our institutional
research ethics committee. All procedures were in
accordance with the 1964 Helsinki Declaration. All
patients gave informed consent, and all patients
had available follow-up information after TAVI for
at least one year.

We divided patients into CHF and non-CHF
groups according to their history of CHF develop-
ment within 1 year after TAVI. The CHF and non-
CHF groups included 11 patients (42%) and 14 pa-
tients (58%), respectively, and were compared ac-
cording to their background, TAVI procedure, and
preoperative and postoperative cardiac function ob-
tained from echocardiography. Statistical analyses
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were performed using the t-test and the χ2 test. Mul-
tivariate Cox regression analyses were not possible
because of the small sample size.

Patients’ baseline characteristics are shown in Table 1.
Patients’ background information was not signific-
antly different between groups. The mean age of
patients was 85 ± 34 years, and patients were classi-
fied as elderly. We did not observe a significant dif-
ference between the groups in terms of comorbidit-
ies, such as cerebrocardiovascular disease, conven-
tional cardiac risk factors,[6,13] and medications be-
fore TAVI, while laboratory data showed that brain
natriuretic peptide concentration before TAVI ten-
ded to be higher in the CHF group compared with
the non-CHF group (984 ± 774 vs. 743 ± 525 pg/mL,
respectively; P = 0.3). Furthermore, a pressure study
before TAVI using a Swan-Ganz catheter showed
that precapillary wedge pressure was significantly
higher in the CHF group compared with the non-
CHF group (14 ± 8 vs. 9 ± 4 mmHg, respectively; P =
0.03). LV end-diastolic pressure, which indicates LV
overload, was also higher in the CHF group com-
pared with the non-CHF group (22 ± 7 vs. 18 ± 2 mmHg,
respectively), although this difference was non-sig-
nificant (P = 0.1). These findings implicate LV pres-
sure overload before TAVI, but this did not correl-
ate with CHF development after TAVI.

As shown in Table 2, perioperative complications,
such as moderate perivalvular leakage, annulus de-
struction, acute aortic regurgitation and/or mitral
valve regurgitation, coronary events, and major
vascular events, rarely occurred in either group.
Chronically, three patients required pacemaker im-
plantation (PMI) in the CHF group because of atri-
oventricular block, and one patient in the non-CHF
group required PMI because of bradycardic atrial
fibrillation (AF).

Echocardiography findings before TAVI are
shown in Table 3A. Aortic valve area (AVA) was
0.51 ± 0.03 vs. 0.45 ± 0.02 cm2/m2 (P = 0.2), MPG
was 56 ± 21 vs. 50 ± 18 mmHg (P = 0.2), and peak
aortic velocity was 5.1 ± 0.3 m/s vs. 4.8 ± 0.2 m/s (P =
0.3) in the CHF and non-CHF groups, respectively.
Thus, there were no significant differences between
the groups in terms of AS severity. On the contrary,
LVEF and SVI were significantly higher in the CHF
group compared with the non-CHF group (LVEF:
69% ± 8% vs. 56% ± 4%, respectively, P = 0.05; SVI:

61 ± 11 mL/m2 vs. 49 ± 14 mL/m2, respectively, P =
0.03). The prevalence of LV hypertrophy, left atrial
dimension index, early (E) to late (A) ventricular
filling velocity ratio (E/A), deceleration time
(DecT), tricuspid valve regurgitation pressure
gradient (TRPG), and inferior vena cava (IVC) dia-
meter, which indicate LV overload, were nearly at
the upper limit in the CHF group, although no stat-
istically significant difference was observed when
compared with the non-CHF group.

As shown in Table 3B, with echocardiography
immediately after TAVI, AVA was appropriate
with the selected prosthesis size and was not signi-
ficantly different between the two groups (1.34 ±
0.55 cm2 vs. 1.69 ± 0.13 cm2, respectively; P = 0.1).
However, the Ratio of AVAI before and after TAVI
(Ratio of AVAI) was higher in the CHF group com-
pared with the non-CHF group (0.42 ± 0.18 vs. 0.30 ±
0.10, respectively; P = 0.03), which suggests that
TAVI was less effective in the CHF group com-
pared with the non-CHF group. PV and MPG were
higher in the CHF group compared with the non-
CHF group (PV: 2.7 ± 0.3 vs. 2.1 ± 0.5 m/s, respect-
ively; P = 0.02; MPG: 30 ± 8 vs. 19 ± 9 mmHg, re-
spectively; P = 0.02). Furthermore, indicators of LV
overload were significantly higher in the CHF
group compared with the non-CHF group (E/e’:
16.1 ± 3.4 vs. 12.3 ± 3.2, respectively, P = 0.02; E/A:
0.98 ± 0.27 vs. 0.60 ± 0.13, respectively, P = 0.001). In
addition, TRPG was higher (32 ± 5 vs. 24 ± 8 mmHg,
respectively) and the IVC was more expanded (19 ±
5 mm vs. 13 ± 4 mm, respectively; P = 0.05) in the
CHF group compared with the non-CHF group
after TAVI.

These results highlight an imbalance between
AVAI after TAVI and LV intracardiac pressure, res-
ulting in LV pressure overload. It is possible that
aortic valve resistance (AVR)[14]is not sufficiently
mitigated even after TAVI; thus, CHF developed in
the chronic phase. It is reasonable to suggest that
AS patients with a high SVI are at a higher risk of
CHF development, because AVR may increase in
parallel with SVI. In fact, after-TAVI MPG, which is
a substitute for AVR, and before-TAVI SVI were
positively correlated in this study (data not shown).

This speculated story is similar to prosthesis–pa-
tient mismatch (PPM), which is a potentially modi-
fiable risk factor leading to cardiac events.[15] It is re-
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Table 1    Clinical characteristics of patients prior to TAVI.

Variable All (n = 25) CHF (n = 11) Non-CHF (n = 14) P-value
Age, yrs 85 ± 4 85 ± 3 85 ± 4 0.7

Male 9 (36%) 5 (50%) 4 (28%) 0.2
BMI, kg/m2 20.8 ± 3.5 20.5 ± 3.7 21.2 ± 3.8 0.8
BSA, m2 1.4 ± 0.2 1.4 ± 0.2 1.4 ± 0.1 0.3
Mean follow-up period, days 861 ± 625 1 005 ± 196 754 ± 116 0.2

Presence of cardiac decompensation on admission 18 (72%) 8 (80%) 10 (71%) 0.6

NYHA class III/IV 8 (42%) 2 (20%) 6 (66%) 0.03
Cerebrocardiovascular disease
　Ischemic heart disease 2 (8%) 2 (20%) 0 (0%) 0.3
　History of CHF 9 (36%) 5 (45%) 4 (28%) 0.4
　Atrial fibrillation 8 (32%) 5 (50%) 3 (21%) 0.07
　Conduction disorder 11 (44%) 6 (60%) 5 (33%) 0.2
　Previous stroke 1 (4%) 1 (10%) 0 (0%) 0.2
　PM/ICD 0 (0%) 0 (0%) 0 (0%) N/A
　Peripheral artery disease 0 (0%) 0 (0%) 0 (0%) N/A
Cardiac risk factor before TAVI
　Hypertension 21 (84%) 10 (100%) 11 (78%) 0.06
　Diabetes mellitus 9 (36%) 5 (50%) 4 (28%) 0.2
　Dyslipidemia 9 (36%) 4 (40%) 5 (35%) 0.8
　COPD 4 (16%) 2 (20%) 2 (14%) 0.7
　CKD 5 (20%) 2 (20%) 3 (21%) 0.9
　Hemodialysis 0 0 0 N/A
　Immune deficiency 2 (8%) 1 (10%) 1 (7%) 0.8
　Cancer within 5 years 0 (0%) 0 (0%) 0 (0%) N/A
　Current smoker 7 (28%) 4 (49%) 3 (21%) 0.3
Laboratory data

　eGFR, mL/min per 1.73 m2 59 ± 16 60 ±17 58 ± 15 0.7
　BNP, pg/mL 846 ± 619 984 ± 774 743 ± 525 0.3
Cardiac catheterization
　PCWP, mmHg 11 ± 6 14 ± 8 9 ± 4 0.03
　Mean PAP, mmHg 18 ± 7 20 ± 2 18 ±2 0.5
　LVEDP, mmHg 19 ± 8 22 ± 7 18 ± 2 0.1

　AVA, cm2/m2 0.47 ± 0.12 0.51 ± 0.15 0.45 ± 0.08 0.2
Medication
　Antiplatelet 8 (32%) 3 (27%) 5 (33%) 0.6
　Anticoagulant 8 (32%) 4 (36%) 4 (27%) 0.4
　ACE/ARB 17 (71%) 9 (90%) 8 (57%) 0.08
　Loop diuretics 13 (52%) 4 (36%) 9 (64%) 0.2
　CCB 9 (36%) 3 (27%) 6 (40%) 0.4
　Beta blocker 5 (20%) 2 (18%) 3 (20%) 0.8
　V2 receptor inhibitor 1 (4%) 1 (9%) 0 (0%) 0.2
　Anti-aldosterone agent 10 (40%) 5 (45%) 5 (33%) 0.6
　Statin 12 (48%) 3 (27%) 9 (64%) 0.06

Data are presented as mean ± SD or n (%). ACE: angiotensin-converting enzyme; ARB: angiotensin II receptor blocker; AVA: aortic
valve area; BMI: body mass index; BNP: brain natriuretic peptide; BSA: body surface area; CCB: calcium channel blocker; CHF:
congestive heart failure; CKD: chronic kidney disease; COPD: chronic obstructive pulmonary disease; eGFR: estimated glomerular
filtration rate; ICD: implantable cardioverter defibrillator; LVEDP: left ventricular end-diastolic pressure; N/A: not available; PAP:
pulmonary artery pressure; PCWP: precapillary wedge pressure; PM: pacemaker; TAVI: transcatheter aortic valve implantation; V2:
vasopressin receptor 2.
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Table 2    Procedural characteristics and periprocedural outcomes in patients in the CHF and non-CHF groups after TAVI.

Variable CHF group before TAVI (n = 11) Non-CHF group after TAVI (n = 14) P-value
Balloon diameter
　23 mm 6 (55%) 4 (27%) 0.4

　26 mm 3 (27%) 6 (42%) 0.4

　29 mm 2 (18%) 4 (28%) 0.4
Balloon type
　Balloon-expandable valve 11 (100%) 9 (64%) 0.02

　Self-expandable valve 0 5 (36%) 0.02
Access route
　Transfemoral approach 10 (91%) 14 (100%) 0.2

　Transapical approach 1 (9%) 0 (0%) 0.2
Periprocedural complication

　‡Severe perivalvular leakage 0 0 N/A
　Coronary event 0 0 N/A

　*Requiring PMI 3 (27%) 0 0.03

　Annulus destruction 0 0 N/A

　Mitral regurgitation 2 (18%) 3 (23%) 0.8

　Aortic regurgitation 3 (27%) 4 (28%) 0.9

　Major vascular complication 1 (10%) 0 0.2

　Acute kidney injury 0 0 N/A

　Stroke 0 0 N/A

　Death 0 0 N/A

CHF: congestive heart failure; PMI: pacemaker implantation; TAVI: transcatheter aortic valve implantation.

 

Table 3    Comparison of echocardiographic findings between the CHF group and the non-CHF after TAVI.

Table 3A: Findings before TAVI.

Variables CHF group after TAVI (n = 11) Non-CHF group after TAVI (n = 14) P-value

AVA, cm2/m2 1.32 ± 0.49 1.66 ± 0.47 NS

Before-AVA/after-AVA 0.42 ± 0.18 0.30 ± 0.10 0.04  

Aortic MPG, mmHg 30 ± 8 19 ± 9 0.006

Peak velocity, m/s 2.7 ± 0.3 2.1 ± 0.5 0.006

IVST + PWT, mm 18.1 ± 7.4 20 ± 2.4 NS

LVDd, mm 49 ± 4 46 ± 7 NS

LVDs, mm 29 ± 5 29 ± 7 NS

EF 65% ± 5% 64% ± 11% NS

LVMI, g/m2 161 ± 41 144 ± 33 NS

SVI, mL/m2 51 ± 13 45 ± 12 NS

LADI, mm/m2 33 ± 6 33 ± 6 NS

E/A 0.91 ± 0.29 0.58 ± 0.14 0.003

E/e′ 15.9 ± 3.2 12.2 ± 3.0 0.02  

DecT, ms 229 ± 49 237 ± 78 NS

TRPG, mmHg 33 ± 5 26 ± 9 0.04  

IVC, mm 19 ± 5 13 ± 4 0.05  

MR > 2 2 (22%) 4 (23%) NS

AR > 2 1 (11%) 0 (0%) NS
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ported that an effective orifice area index (EOAI) of <
0.64 cm2/m2 suggests severe PPM, and an EOAI of
0.65−0.85 cm2/m2 suggests moderate PPM.[15−16] In
our study, EOAI (i.e., AVAI) after TAVI was > 0.85
cm2/m2 in both groups, and AVAI after TAVI was
comparable between groups (Table 3B). However,
the ratio of AVAI in the CHF group was statistic-
ally higher than that in the non-CHF group (Table 3B).
This result showed that AVA expansion was not
sufficient in the CHF group even though obtained
AVA were usually agreement after TAVI, resulting
in leaving the patients in the CHF group in similar
status to PPM, which consequently induced devel-
opment of decompensated CHF. Additionally, inter-
quartile calculation between the Ratio of AVAI and
before-TAVI SVI demonstrated a positive correla-
tion (data not shown), which implies a relationship
between PPM and high SVI.

These results suggest that obtaining a large
enough AVA both anatomically and physiologic-
ally using TAVI is desirable, especially for patients

with a hyperdynamic heart[17]; that is, a high SVI, al-
though this may be technically difficult in patients
with a small body surface area and/or aortic annu-
lus calcification.

This study included a small sample size and pos-
sibly contained selection and/or information bias.
Even so, we should identify the relationship
between low SV and normal to high SV to expand
our perspective in the future. This understanding
would lead to improvements in clinical practice for
patients undergoing TAVI.

We conclude that patients with a normal to high
SVI before TAVI are prone to decompensated CHF
after TAVI.
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Table 3B. Findings after TAVI.

Variable (mean ± SD) CHF group before TAVI (n =11) Non-CHF group after TAVI (n =15) P-value

AVA, cm2/m2 1.32 ± 0.49 1.66 ± 0.47 NS

before-AVA/after-AVA 0.42 ± 0.18 0.30 ± 0.10 0.04  

Aortic MPG, mmHg 30 ± 8 19 ± 9 0.006

Peak velocity, m/s 2.7 ± 0.3 2.1 ± 0.5 0.006

IVST + PWT, mm 18.1 ± 7.4 20 ± 2.4 NS

LVDd, mm 49 ± 4 46 ± 7 NS

LVDs, mm 29 ± 5 29 ± 7 NS

EF 65% ± 5% 64% ± 11% NS

LVMI, g/m2 161 ± 41 144 ± 33 NS

SVI, mL/m2 51 ± 13 45 ± 12 NS

LADI, mm/m2 33 ± 6 33 ± 6 NS

E/A 0.91 ± 0.29 0.58 ± 0.14 0.003

E/e′ 15.9 ± 3.2 12.2 ± 3.0 0.02  

DecT (msec) 229 ± 49 237 ± 78 NS

TRPG (mmHg) 33 ± 5 26 ± 9 0.04  

IVC (mm) 19 ± 5 13 ± 4 0.05  

MR > 2 2 (22%) 4 (23%) NS

AR > 2 1 (11%) 0 (0%) NS

Data are presented as mean ± SD or n (%). AR: aortic regurgitation; AVA: aortic valve area; Before-AVA/after-AVA: ratio of before-
TAVI AVA to after-TAVI AVA; CHF: congestive heart failure; DecT: deceleration time; E/A: early (E) to atrial (A) diastolic filling
velocity ratio; E/e′: ratio between early mitral inflow velocity and mitral annular early diastolic velocity; EF: ejection fraction; IVC:
inferior vena cava; IVST: interventricular septum thickness; LVDd: left ventricular internal dimension in diastole; LADI: left atrial
dimension index; LVDs: left  ventricular internal dimension in systole;  LVMI: left  ventricular mass index; MPG: mean pressure
gradient; MR: mitral regurgitation; NS: not significant; PWT: posterior left ventricular wall thickness; SVI: stroke volume index; TAVI:
transcatheter aortic valve implantation; TRPG: tricuspid valve regurgitation pressure gradient.
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